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ABSTRACT
NANOMATERIALS AT LIQUID/LIQUID INTERFACES:
ASSEMBLY AND RHEOLOGY
MAY 2016
TAO FENG
B.S. BEIJING UNIVERSITY OF CHEMICAL TECHNOLOGY
M.S. UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D. UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor David A. Hoagland and Professor Thomas P. Russell

This dissertation concentrated on the behavior of nanomaterials at liquid/liquid interfaces.
A strategy of segregating acid-treated SWCNTs at oil/water interfaces was developed by adding
amine-terminated polystyrene (PS-NH2) in the oil phase. Electrostatic binding between
carboxylic acid of SWCNTs and amine drives the assembly of SWCNTs, monitored by pendant
drop tensiometry and confocal microscopy. A sharp transition of interfacial segregation against
SWCNT solution pH was revealed, with the transition point at the pKa of carboxyl. The reduced
SWCNT surface charge density at low pH was found to be beneficial for segregation due to the
attenuated repulsions between adsorbed SWCNTs. Along with the charge effect, multivalency
indispensably contributes to this sharp transition. This co-assembly technique is extensible to
many materials with multiple carboxyl functionalization.
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The interfacial rheology of the SWCNTs/PS-NH2 co-assembled thin-films was quantified
by oscillatory dilation and stress relaxation performed on the pendant drop rheometry. The
stiffness is enhanced by almost a factor of five compared to pure PS-NH2 films. Two relaxations
processes were identified, a fast one attributable to the confinement-mediated Rouse-like chain
dynamics of end-attached PS-NH2 and the slow one was associated with adsorption/desorption
(attachment/detachment). This reversibility over long timescale ultimately endows the films with
fluid-like terminal behavior. Among the variables that affect positions and strengths of these
relaxations are SWCNT, PS-NH2 bulk concentrations and water phase pH. In timescale ranges
intermediate between the two relaxations, the co-assembled films display “soft-glass” behavior,
with storage and loss moduli characterized by nearly equal power-law exponents.
The rheology of gold nanoparticle-surfactants layer at oil/water interface was also studied
by the similar technique with a strong size-dependence found. A characteristic size of ~5-10 nm,
marking the transition from a solid-like to fluid-like behavior are identified, with solid-like for
size less than 5 nm and fluid-like for size larger than 10 nm. In the transitional size range (5 nm10 nm), a transient “plateau modulus” or “power-law” behavior was observed at the intermediate
timescale, though the assemblies were still fluid-like in nature. These understandings provided
valuable guidance to manipulating the behavior and properties of nanomaterials at liquid/liquid
interfaces.
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CHAPTER 1
INTRODUCTION
1.1 Motivation and Overview
Nanoporous membranes, with pore size less than 100 nm, are promising materials for
ultrafiltration, desalination and solutes separation to produce clean, fresh water in large-scale.
Single-walled carbon nanotube (SWCNT)-incorporated polymer composites motivate much of
the interest as an efficient reverse osmotic membrane due to the unique transport properties of
water molecules inside the SWCNT. Several simulation studies predicted the frictionless flow
characteristics within SWCNTs1-3 due to the extreme hydrophobicity and smoothness of the
inner walls. A depletion region at the water/nanotube interface4 and ordered hydrogen bonding
between molecules5 are formed as water is transported along the tube. A weak attraction caused
by an ordered hydrogen bonding and the smooth, graphitic surface leads to almost frictionless
and enhanced flow6. The barrier of the transport process predominantly lies in the entry and exit
at the ends of the SWCNTs7.
In current SWCNT membranes, the water-selective nanotube pores are oriented normal to
the membrane surface, so as to minimize transport distance. One manner to achieve this
orientation is to use a polymer to imbed the SWCNTs, illustrated in Scheme 1.1, by spin-coating
either monomer or polymer solutions over a SWCNT “forest” grown normal to the wafer
substrate. After polymerization (or evaporation of solvent) and removal from substrate, the
composite thin film is transformed into a membrane by using acid etching or plasma oxidation to
open nanotube ends and simultaneously introduce carboxylic acid functional groups at SWCNT
tips8. Other functionalizations, e.g. amine-acid condensation assisted by carbodiimide coupling,
1

offer various routes to produce selectivity (the “gatekeeper effect”) for particular solutes in
aqueous phase based upon molecular size and charge9. The dramatic enhancement of flux for
different materials, including gas, water and charged solutes, through those end-functionalized
SWCNT-polymer membrane supports the enhanced flow predicted by simulation counterparts10,
11

.

Scheme 1.1. Fabrication of vertically-aligned polymer matrix SWCNT membranes for
desalination and separation purposes (I) SWCNT “forest” growth on solid substrate by Chemical
Vapor Deposition (CVD) (II) polymer/monomer infiltration SWCNT dense arrays (III) substrate
removal (IV) Tip-opening process by acid etching or plasma oxidation

Obviously, to ensure efficient mass transport, the critical issue here is to generate high
density SWCNT arrays, that are mainly produced by chemical vapor deposition (CVD)12. In the
CVD process, SWCNT “forests” are grown from a solid substrate pre-coated with metal
nanoparticles that catalyze the decomposition of hydrocarbon feeding gases (CH4/C2H2 and H2)
at elevated temperatures. SWCNTs are generated from those catalytic nanoparticles
progressively with length and density controlled by the deposition time, catalyst distribution and
temperature. Although highly ordered and dense nanotube arrays are produced, this method is
strongly limited by cost and scale-up difficulties.
Wet chemistry offers an alternative method to achieve SWCNT surface assemblies13.
This assembly strategy requires a pre-treatment of SWCNTs, to shorten and functionalize the
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long nanotubes. Functionalized with -COOH and -OH groups, these treated SWCNTs are readily
dispersible in solutions and interact strongly with pre-functionalized substrate. The key is to
establish strong interactions between the end functionality of the SWCNTs and the substrate, so
as to effectively immobilize and assemble them, as shown in Scheme 1.2. The rich coupling
chemistries afford this preparation strategy with great flexibility and a wide range of
functionalization. Currently, vertically aligned SWCNT arrays have been achieved on various
substrates, including silicon14, 15, gold16-18, silver19 and polymer films20. Covalent bonding15, 21,
metal-assisted chelation and electrostatic interaction14 have been used to facilitate the assembly
process. Patterned SWCNTs arrays can be achieved by chemically patterning the substrate14.
However, the relatively low efficiency severely limits this strategy to generate SWCNT
assemblies with high areal densities.

3

Scheme 1.2. Strategies of constructing vertically aligned SWCNT arrays on substrates. Reprint
from Ref. [13]
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Consequently, we explore a more cost-effective, easily scalable strategy based upon an
interfacial assembly and polymerization route to fabricate polymer-SWCNT composite films.
The following conceptual figure (Figure 1.1) illustrates the fundamental idea for our long-term
initiative. This is proposed to be achieved by (i) developing a method to segregate and position
SWCNTs efficiently at oil/water interface and (ii) incorporating appropriate, high strength
polymeric component into this assembly by an interfacial polymerization or other interfacial
crosslinking techniques, and (iii) transferring this composite films to support to produce a usable
membrane product.

Figure 1.1. Proposed conceptual schematic of fabricating polymer/SWCNT composite films by
liquid phase interfacial assembly and polymerization technique

Therefore, the primary goal of the research presented in this thesis is to address two
fundamental, yet nontrivial questions: (i) how to achieve and control the interfacial segregation
of SWCNTs at the interface between two immiscible liquid phases, and (ii) the mechanical and
rheological properties of the assembled SWCNT composite films at liquid interfaces. More
importantly, the basic research undertakings, the physical chemistry and the rheology hidden
beneath this methodology are conducive to other applications pertaining to modification of
liquid-liquid interfaces, for instance, anti-coalescence, emulsions, foam formation and
encapsulation using other nanomaterials that have different shapes. We also extended our efforts
to the interfacial rheological properties of nanoparticles assemblies using similar techniques.
5

1.2 Thesis Organization and Outlines
This thesis begins with an introduction followed by four experimental sections and
concludes with a final discussing the outlook and future prospects in this field. The introduction
reviews the fundamental principles and research in the interfacial assembly and rheology of
nanomaterials. The four experimental sections focus on (i) the acid treatment of SWCNTs
including detailed structural and chemical characterization; (ii) assembly and physical chemistry
of acid-treated SWCNTs at oil/water interfaces using a cooperative assembly technique; (iii)
rheological properties of SWCNT/polymer interfacial layer quantitatively characterized by
oscillatory pendant drop tensiometry/rheometry; and (iv) the size-dependent segregation and
rheology of gold nanoparticles (Au-NP)/polymer assembly.
1.3 Assembly of Nanomaterials at Liquid/Liquid Interfaces
Ubiquitous in our life, liquid-liquid interfaces have stimulated much interest and
intensive research in both academia and industry due to their versatility and tunability.
Solubilized in liquid phases and governed by their thermodynamics and kinetics, interfacially
active materials assemble at liquid-liquid interface to reduce the interfacial energy. The highly
tunable energetics and mechanical properties make liquid interfaces an effective platform to
generate advanced materials and novel structures. As illustrated in Figure 1.2, droplets bearing
nonequlibrium shape22, ultrathin membranes23 and hierarchical breath figure structure24 can be
generate by the controlled interfacial assembly of functionalized nanoparticles. Functional
membranes and coatings made of polymer nanocomposites can also been fabricated when
nanoparticle assembly incorporates interfacial polymerization. From the other perspective, by
mediating interfacial interactions, the assembled nanomaterials can modify interfacial tension
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and its rheology effectively that makes them suitable for emulsification, foam formation, anticoalescence and encapsulation processes.

Figure 1.2. Materials and structures established on liquid/liquid interfaces including shape
manipulation, stable emulsions, hierarchical structures, nanostructured membranes, foam
formation, polymer nanocomposites and coatings. Images reprinted from Refs. [22-24]

Nanomaterial assembly at interfaces is categorized into “active assemblies” and
“cooperative assemblies”. In active assemblies, nanomaterials can spontaneously segregate to
liquid-liquid interfaces with it amphiphilic surfaces requiring fine tuning by surface chemistry. In
contrast, in a cooperative process, suitable for the water-soluble ones such as charged and
hydrophilically functionalized nanoparticles, it utilizes cooperativity with small molecular
surfactants containing hydrophobic tail and gives rise to a partial wetting by the oil phase.
7

Among all nanomaterial species, nanoparticle remains the most intensively studied and
explored25, 26. The fundamental principle can be traced back to “Pickering Emulsions” where
micron-sized colloidal particles can assemble at the interface between two immiscible liquids,
impeding the coalescence of the droplets27. The dominant driving force of spontaneous
segregation of particles, whether is a micron-sized colloids or nanoparticles, lies in the reduction
of surface free energy determined by the interplay between particle/water interaction, water/oil
interaction and particle/oil interaction, which is manifested in three parameters, i.e., the contact
angle formed at oil/water interfaces by nanoparticles (θ), the oil/water interfacial tension (𝛾𝑜𝑤 ),
and particle radius (R).
∆𝐸 = −𝜋𝑅 2 𝛾𝑜𝑤 (1 − 𝑐𝑜𝑠𝜃)2

Eq. (1.1)

The contact angle and the size are crucial parameters influencing the adsorption of the particles
to the interface and the magnitude of the energy holding the particles at the liquid-liquid
interface. The contact angle of the particle at oil-water interfaces, illustrated in Figure 1.3,
determines how the particles will partition between the bulk liquid phase and interfaces28. For
colloidal particles, the adsorption energy is much larger than thermal energy (𝑘𝐵 𝑇), which gives
rise to an effective and irreversible confinement at liquid interfaces. In comparison, the trapping
energy for nanoparticles, especially less than 10 nm, is of the same order of magnitude as
thermal energy that leads to statistical displacement and escape from interfaces27. This size
dependent characteristic allows the approach of equilibrium assembly structure at the interfaces
for small nanoparticles, while for larger particles, the assembly can be arrested in nonequilibrium state.
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Figure 1.3. Contact angle of residing particle at oil/water interfaces. Left and right ones show the
cases where contact angle of nanoparticles created by partial wetting larger than 90º and smaller
than 90º respectively. Reprints from Ref. [27]

The assembly of nanomaterials at liquid/liquid interfaces is also observed for nanorods
and nanosheets. For the interfacially active, rod-like nanomaterials, the free energy change,
governed by its aspect ratio, contact angle and size, favors a parallel orientation of the nanorods
at the liquid interface so as to maximize the reduction of interfacial energy. However, the
anisotropic nature of the nanorods and interparticle interactions can result in orientation or
packing transformations, as shown by He and Russell29 in a study on tobacco mosaic virus (TMV)
system. By concentrating rod-like objects, TMV undergoes a cooperative transition from a
parallel to vertical assembly to mediate interparticle screened Columbic and dipolar repulsion.
Comparatively, there is only limited work on nanosheets assembly at oil/water interfaces.
One impressive example is graphene or graphene oxide (GO) sheets. Biswas et al. prepared a
monolayer of ultrathin, highly hydrophobic graphene nanosheets on a large area substrate via
self-assembly at the liquid-liquid interface30 and Kim et al. revealed GO’s reversible interfacial
activity by pH-tuning the heavily functionalized peripherals. However the efficient segregation at
liquid-liquid interfaces is attenuated by its undesired wettability.
Janus nanoparticles, shown schematically in Figure 1.4, having heterogeneous surface
properties with well-defined areas of hydrophilic and hydrophobic functionality were found to
possess greater interfacial activity in comparison to homogeneous particles of the same size.
9

Janus nanoparticles have proven to be efficient amphiphiles to modify liquid-liquid31 or polymerpolymer interfaces32. The precise control of two distinct regions does, though, require demanding
synthesis and subsequent purification.

Figure 1.4. Schematic of one type of Janus nanoparticle assembled at hexane/water interfaces.
(the yellow region represents ligand-functionalized gold nanoparticle and the gray region
represents the iron oxide core). Reprint from Ref. [31]

“Cooperative assembly”, on the other hand, takes advantage of interactions with
interfacially active component dispersed in each liquid or melt. These interactions includes
covalent bonding, electrostatic interactions, and other weak interactions between functionalized
nanoparticles and ligands having complementary functionality. The extent of interactions and
anchoring of the ligands to the nanoparticles can be used to control functionality, wettability and
the magnitude of the energy change holding the nanoparticles at the interface. Lipids, small
molecular surfactants are explored to induce interfacial segregation of hydrophilic silica and gold
nanoparticles, which is illustrated in Figure 1.5. Ravera et al. achieved efficient assembly of
silica nanoparticles at the hexane/water interface by cetyltrimethylammonium bromide (CTAB)
and fatty amine ligands to tune the interfacial properties33-35. Srivastava et al., demonstrated a
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programmable, two-dimensional assembly of DNA-functionalized gold nanoparticles at liquid
interfaces by electrostatic interaction between positively charged lipids and negatively charged
DNA ligands at the air/water interface36. The important advantages of cooperative assembly are
that pre-functionalization is not of necessity and that the assembly can be easily modulated by
varying the physical chemical condition of the bulk solutions.

Figure 1.5. Two schematics of interfacial assembly of hydrophilic nanoparticles at liquid/liquid
interfaces and air/liquid interfaces assisted by cooperative interaction with surfactant molecules.
(a) Negatively charged silica nanoparticles segregation by CTAB (b) Programmable assembly of
ss-DNA functionalized gold nanoparticles driven by lipid layer. Reprints from Ref. [35,36]

1.4 Rheology of Nanomaterials at Liquid/Liquid Interfaces
With the formation of a uniform layer at the liquid/liquid interface, its mechanical and
rheological properties are of great interest and value for practical applications. Understanding the
viscoelasticity and relaxation processes in the assemblies facilitates the design and optimization
of the processing condition. The equilibrium and dynamic properties of these composite layers,
acting as “surfactants”, is of fundamental importance to many practical systems like emulsions,
foams and encapsulation.
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Interfacial rheology is a powerful implement for probing the mechanical properties of a
thin layers at liquid/liquid interfaces. Analogous to conventional rheology where the stress
response is measured under the imposed strain, for our studies we examine the change in the
interfacial tension variation as a function of the variation of the surface area in a pendant drop
configuration. Depending upon the nature of strain response, the shear mode, where area shape
change as strain, and the dilatational mode where the surface area variation as strain are currently
available. Both the relaxation dynamics within the interfacial layer and the transport properties
between interface and bulk can be determined.
In dilatational rheology, when a fluid/fluid interface is driven out of equilibrium by an
expansion or contraction of interfacial area, different relaxation phenomena contribute to the reequilibrium process. In a soluble surfactant layer, the transport relaxation that involves materials
adsorption/desorption, and structural relaxations within the interfacial layer, such as molecular
reorientation, glass transition, lateral reorganization and conformational changes of adsorbed
molecules38 contribute to the dynamics. Each relaxation bears a characteristic timescale that can
be effectively probed and distinguished through dilatational rheology.
In an ideal two-dimensional, homogenous layer with negligible thickness, the dilatational
modulus (E) expresses the relationship between the variation of interfacial tension γ from its
initial state γ0 to that of surface area A:
𝑑𝛾

𝐸 = 𝑑𝑙𝑛𝐴

Eq. (1.2)

In an oscillatory apparatus, the dilatational viscoelasticity is further described by the frequencydependent complex modulus E*(ω), with a real component, Eʹ(ω) and an imaginary component,
Eʺ(ω) as well as a phase angle δ, given by:
12

𝐸 ∗ (𝜔) = 𝐸 ′ (𝜔) + 𝑖𝜔𝐸′′(𝜔)

Eq. (1.3)

𝑡𝑎𝑛 𝛿 = 𝐸"(𝜔)/𝐸′(𝜔) ,

Eq. (1.4)

where Eʹ(ω) is storage/elastic modulus, characterizing the energy stored during deformation, and
Eʺ(ω) is loss/viscous modulus, characterizing the energy dissipated.
If the deformation of the interface is not large and remains in the linear viscoelastic
regime, E*(ω) completely covers the dynamics and we can correlate the characteristic timescales
(frequencies) to relaxation processes, including diffusion transport and interfacial structural
reorganization through appropriate theoretical model. A generic model was developed by Ravera
et al.34 considering a single surface relaxation combined with a transport relaxation
(adsorption/desorption) and E* is given by:
𝜀

−𝑖𝜆𝜀

𝑜𝛤
0𝐺
𝐸 ∗ = −(1+𝜉−𝑖𝜉)𝑖𝜆+1+𝜉−𝑖𝜉

Eq. (1.5)

𝝎

where 𝜉 = √ 𝝎𝑫 is the characteristic frequency of diffusion transport between interface and the
bulk and 𝜆 =

𝝎𝒌
𝝎

describes the characteristic frequency of surface relaxation processes. εoΓ and

εoG are the limiting high-frequency and Gibbs elasticities, respectively. The storage modulus
E’(ω) and loss modulus E”(ω) can be determined by:
𝐸′ =

𝐸" =

𝜀𝑜𝛤 (1+𝜉−𝜉𝜆)+𝜀0𝐺 (𝜉𝜆+𝜆2 +𝜆2 𝜉)

Eq. (1.6)

(1+𝜆2 )(1+2𝜉+𝜉 2 )
𝜀𝑜𝛤 (𝜉+𝜉𝜆+𝜆)−𝜀0𝐺 (𝜆+𝜆𝜉−𝜉𝜆2 )

Eq. (1.7)

(1+𝜆2 )(1+2𝜉+𝜉 2 )

It is noted that in a system that equilibrates extremely fast, such as soluble small
molecular surfactant layer, where interfacial relaxation completes almost spontaneously, this
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general formula regresses to the classic Lucassen-van Der Tempel model applied for diffusioncontrolled transport.
1+𝜉+𝑖𝜉

𝐸 ∗ = 𝜀𝑂𝐺 1+2𝜉+2𝜉2

Eq. (1.8)

The other limit obtained for a vanishing 𝜉 and corresponds to the case of insoluble layer, the
master equation simplifies into:
𝐸∗ =

𝜀0𝛤 +𝜀0𝐺 𝜆2
1+𝜆2

𝑖𝜆

+ (𝜀0𝛤 − 𝜀0𝐺 ) 1+𝜆2

Eq. (1.9)

The presence of a relaxation gives rise to the appearance of a maximum in E” at a characteristic
frequency, and an inflection points in E’ can be observed. A representative sketch of Eq. (1.5),
Eq. (1.8) and Eq. (1.9) is provided in Figure 1.6.
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Figure 1.6. ω-dependent elastic modulus Eʹ(ω) and loss modulus Eʺ(ω) curves by general mixed
model, Eq. (1.5) (solid line), by Lucassen-van Der Tempel model, Eq. (1.8) (dashed line) and
insoluble monolayer with interfacial relaxation Eq. (1.9) (dashed-dot line). At characteristic
frequency of transport relaxation (ωD) and interfacial relaxation (ωk), Eʹ(ω) shows an inflection
point and Eʺ(ω) has a maximum. Reprints from Ref. [34]

1.5 Pendant Drop Tensiometry/Rheometry
Pendant drop tensiometer/rheometer, schematized in Figure 1.7, consists of an
electronic/manual dosing system, computing software, optical capture accessories and oscillating
droplet generator. Here, an aqueous droplet is produced inside an oil-containing cuvette by
electronic dosing system. A high-resolution camera captures the axisymmetric profile of the
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droplet. The migration of surfactants to the liquid-liquid interfaces will result in a slight
deviation from its original asymmetric profile due to a change in the interfacial tension. In
oscillatory dilatational experiments, the volume of the drop are varied in a sinusoidal manner
over a frequency range from 0.001 to 2 Hz by oscillatory actuator that connects to a piezoelectric
device. The software subsequently computes the dynamic viscoelastic parameters based upon the
movie clips collected at each frequency.

Figure 1.7. (a) Apparatus of oscillatory pendant drop rheometry (b) The axisymmetric profile of
an aqueous droplet generated inside the oil phase (inside: aqueous phase; outside: oil phase) (c)
Scheme of oscillatory dilatational strain by droplet expansion and contraction
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CHAPTER 2
ACID TREATMENT OF PRISTINE CVD-GROWN SINGLE-WALLED CARBON
NANOTUBES
2.1 Introduction and Background
Single-walled carbon nanotubes (SWCNTs), as an allotrope of carbon materials formed
by wrapping of one-atom-thick graphene sheet, exhibit extremely high aspect ratios and
outstanding thermal, electronic and mechanical properties. Unfortunately, several technical
hurdles must be overcome before they can be used for materials design and applications, among
which, the solution processibility and control stand of the length of the CNTs are the most
immediate obstacles1. CNTs are typically synthesized using a chemical vapor deposition method
that are polydisperse in length and entwined into macroscopic ropes. The extraordinary
hydrophobicity of CNTs makes them intractable for processing in either organic or aqueous
solutions. The solubility and length are critical for the studies here for it must be commensurate
with the thickness of the interfacially polymerized film that is typically self-limited to 10 to 200
nm 2.
Limited non-oxidizing strategies to size pristine SWCNTs have been reported, including
high-temperature pyrolysis after fluorination3, 4, diamond abrasive segmentation5,

6

and

lithographic etching7. However, unsatisfactory efficiency, low controllability over resulting
length, intractable aggregation, and difficulties in post-separation hinder the overall scalability.
The use of oxidation reaction has been pivotal to SWCNT processing, which plays the role of
eradicating residual metal catalysts, amorphous carbons and chemically shortening SWCNTs8, 9 .
Reagents include an aqua regia, a sulfuric acid/nitric acid mixture (H2SO4/HNO3)10, nitric acid
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(HNO3)11, 12, ozone oxidation (O3)13, potassium permanganate/hydrogen peroxide (KMnO4/H2O2)
mixture1, “piranha etch” solution, and osmium tetroxide (OsO4)14 that are able to cleave, as well
as to functionalize SWCNTs. Chemical cutting processes typically begins with the introduction
of local defects and sidewall damage, so-called “defect-generation”, followed by an oxidative
cutting step at defect sites15. As a result, the ends and sidewalls are decorated with oxygencontaining functionalities, such as carboxylic acid (-COOH), hydroxyl (-OH), ether (-C-O) and
carbonyl (-C=O)16-18. The presence of those hydrophilic functionalities, particularly carboxyl, are
vital for SWCNT dispersion and our subsequent assembly.

Figure 2.1. Summary of SWCNT shortening strategies in literature. Reprint from Ref. [15]

The oxidation and resultant functionality vary with different oxidants19. Among the three
most commonly used oxidants, HNO3 is a mild oxidant even under long-time refluxing,
introducing carboxylic acid groups only at the initial defect sites, and thus it is unable to shorten
the tubes efficiently. Exposing SWCNTs to a strong oxidative environment, i.e., mixture of
H2SO4 and HNO3, manages to generate sufficient surface groups, and to cleave the SWCNTs at
the initial and newly-created defect sites along the sidewalls. KMnO4 in alkali is a mild oxidant
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that can generates new defects without efficient functionalization and produces relatively long
tubes19.
Therefore, we used the H2SO4/HNO3 acid mixture to chemically treat pristine SWCNTs,
allowing for the introduction of a sufficient number of carboxylic acid groups to stabilize the
suspension stable aqueous dispersion and enable subsequent interfacial segregation. The
comprehensive spectroscopic characterizations, supported by potentiometric titration and
microscopy, confirmed the SWCNT structural integrity after acid treatment and provided
detailed chemical composition, as well as, dry state morphology. The length distribution of the
shortened SWCNTs were analyzed by dynamic light scattering.
2.2 Experimental Section
2.2.1 Materials
Pristine SWCNTs with purity greater than 90% were purchased from Nanocs Inc. (cat. no.
CNTS01). Diameters and lengths respectively range from 2 to 10 nm to several microns.
Sulfuric (98%) and nitric acids (70%) were purchased from Fisher Scientific Inc., and used as
received.
2.2.2 SWCNT Acid Treatment
To reduce length of the SWCNTs and generate carboxylic acid and other hydrophilic
functionality, the SWCNTs were treated by the “acid mixture” procedure10. Here, 20 mg of
SWCNT were dispersed in a mixture of 60 ml sulfuric acid and 20 ml nitric acid, and the
resulting mixture was vigorously sonicated at 45 ºC for 2, 4, 6, 8 or 10 h. The final average
SWCNT length and carboxylic acid group level varied with acid treatment/sonication period.
After acid cutting, the suspensions were diluted with 500 ml of deionized water and filtered
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through a microporous nylon filter membranes (200-nm pore size, Pall Corporation, cat. no.
66602) to isolate the cut SWCNTs, which readily redispersed in pure water. The dry state
morphology of the treated SWCNTs was examined by transmission electron microscopy (TEM)
(JEOL 100CX), atomic force microscopy (AFM) (SPM Dimension 3100) and their length
distributions were assessed by dynamic light scattering (DLS) (Malvern Zetasizer) analysis of
aqueous suspensions. The nanoscale integrity and composition of the functionalized SWCNTs
were further evaluated by X-ray photoelectron spectroscopy (XPS) (Physical Electronics Inc.
5000), Fourier transformed infrared spectroscopy (FTIR) (Perkin Elmer 2000), and Raman
spectroscopy (Jobin Yvon Horiba LabRam HR 800 microscope).
2.2.3 Potentiometric Titrations
Adding aliquots of 0.01 M sodium hydroxide to dilute dispersions of 6 h acid-treated
SWCNTs, the pH rise was monitored using a recently calibrated pH meter (Accumet Model 20,
Fisher Scientific). Prior to titration, the treated SWCNTs were collected on a fritted glass filter,
where they were washed with copious volume of pure water to remove residual added acid. For a
SWCNT dispersion concentration CSWCNT equals to 0.5 mg/ml, the initial pH was ~2.70, and
titration proceeded to pH~8.5.
2.3 Results and Discussions
The chemistry of oxidation is a complicated process and contains roughly two competing
steps, i.e. “defects generating” and “defects consuming”. The possible functional groups after
oxidation are illustrated in Figure 2.2. In the former step, the existing pentagons, heptagons or
larger rings on the graphitic surface of SWCNT can lead to shape distortion as well as dangling
bonds terminated with CH, CH2 and other radicals and ions19. These chemically active sites,
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carrying strain and disrupting structural aromaticity, are initially attacked by oxidants in the
cutting procedure. Simultaneously, the electrophilic addition occurs at hexatomic-hexatomic
boundaries, resulting in increasing number of defects, typically in the form of hydroxyl group as
intermediate product19. Subsequently, the strong oxidants generated by sulfuric acid and nitric
acid partially transform -C-OH into -C=O and -COOH. Thus, quinone, carboxylic acid, and other
possible oxidized carbon functionalities20, 21 can be obtained.

Figure 2.2. Functionalities introduced on SWCNTs by strong acid oxidation

On the other hand, the “damage” sites irregularly accumulated along the tube length.
With the graphitic network increasingly disrupted, accompanying sonication causes a near
statistical shortening of SWCNT length as oxidation proceeds. Though a variety of oxidized
carbon groups are present in the cut material, the focus here is on carboxylic acid units, which
are the most acidic of those created by cutting. In cut SWCNTs, these units concentrate at the
tube ends, defining a single large defect, but also distribute almost randomly along the tube walls.
Cut SWCNTs therefore have wide distributions of length and functionalities. Because of the
abundance of hydrophilic functional units, for all the treatment periods employed, the cut
SWCNTs easily and stably dispersed in water. No evidence of aggregation in pure water was
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noted after several months of storage. Upon initial dispersal in water, at large enough SWCNT
concentration, dissociation of the carboxylic acids created a measurable pH drop.
Figure 2.3 shows that the FTIR spectrum of 6 h treated SWCNTs confirms the
introduction of hydroxyl, carboxyl acid functionalities. The remarkable adsorption band
positioned at 3440 cm-1 consists with broadening characteristic of hydroxyl groups. The peak at
1710 cm-1 is typically assigned to –C=O vibration in the –COOH group. A slight downshift,
(from 1740 cm-1 to 1710 cm-1), is noted here, which might arise from the abundance of –COOH
groups and effective formation of hydrogen bonding between neighboring groups19. The adjacent
band is attributed to ketone/quinone (1640 cm-1), evidence for a complex mixture of carbon
oxidation states. The –OH bending (1025 cm-1) and –C-O (860 cm-1) stretching are also observed
in relatively low wavenumber regime.

Figure 2.3. FITR spectrum of 6 h acid-treated SWCNTs

Likewise, as seen in Figure 2.4, the XPS spectra for the SWCNTs show two prominent
carbon edges, one at 284 eV and another at 288 eV, the former arising from sp2 (graphitic)
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carbon and the latter manifesting carbon in various oxidized states. As cutting proceeds, the
proportion of oxidized carbon grows, as indicated by the increased relative area of the second
XPS peak. An estimated overall degree of SWCNT functionalization is obtained as the ratio of
peak areas to overall peak area. When the treatment time exceeds 6 h, this estimate saturates to
~17%.

Figure 2.4. XPS spectra of acid-treated SWCNTs with treating time from 2 h to 10 h

Given in Figure 2.5, the Raman spectra of treated SWCNTs display the characteristic G
and D bands. The latter, at ~1570 cm-1, primarily reveals vibrations of sp2 hybridized carbon on
well-ordered, graphitic SWCNTs surfaces, while the former, at ~1330 cm-1, presents disordered,
or oxidized carbon. The D-band intensity combined with G-bandwidth, have both been
considered as probes of SWCNT structural integrity or functionalization on the tube walls12, 22.
Well preservation of nanoscale integrity is manifested through the dominant and relatively
narrow G-band. The slight increment of G-band width as well as D-band intensity reflect the
accumulation of oxidized functionalities as treating time prolonged. Again, the degree of
functionalization may be estimated as the ratio of peak areas to overall peak areas, and the values
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obtained are given alongside the XPS values in Figure 2.6, with good agreement found. By
either monitoring method, as treatment time increased from 2 to 10 h, the estimated degree of
functionalization rises from ~6-9% to ~17%. Once again, these values are taken as degrees of
functionalization or oxidation, but not of carboxylation.

Figure 2.5. Raman spectra of acid-treated SWCNTs with treating time from 2 h to 10 h

Figure 2.6. Degree of functionalization of acid-treated SWCNTs with treating time from 2 h to
10 h estimated by XPS and Raman spectra respectively. Values are evaluated as the ratio of peak
area of functionalized carbon to overall peak area
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We also applied potentiometric titration as a complementary technique to identify the
chemistry of functionalities. When added in basic solution, the dissociable, acidic functional
groups including carboxylic acid, hydroxyl and other carbon oxidized groups will be neutralized
and alter the pH, based upon which the intrinsic pKa can be calculated. Surprisingly, the titration
curve of acid-treated SWCNTs, shown in Figure 2.7a, display the lack of abrupt increase of pH
as the addition of base proceeds, a characteristic typically reflected in monoprotic strong
acid/base titration, which suggests the polyelectrolyte nature of multi-functionalized SWCNTs.
As is the case for acidic polyelectrolytes, the carboxyl groups of acid-treated SWCNTs do not
dissociate independently, especially if their surface density is high and the surrounding aqueous
medium is salt-free, factors that accentuate electrostatic interactions. Consequently, unlike a
monoprotic acid, SWCNT dissociation is not captured in a single acid dissociation constant but
rather by a function pK(α), defined by straightforward extension of the Henderson-Hasselbalch
equation,
[𝐴− ]

𝑝𝐾(𝛼) = 𝑝𝐻 − 𝑙𝑜𝑔 [𝐻𝐴] = 𝑝𝐻 + 𝑙𝑜𝑔

1−𝛼

Eq. (2.1)

𝛼

Where α is degree of SWCNT dissociation, and [A-] and [HA] are the bulk molar concentrations
of dissociated and undissociated acid groups. α is given by the following equation,
𝛼=

[𝐻 + ]+[𝐾𝑂𝐻]−[𝑂𝐻]

Eq. (2.2)

[𝐹𝑐]

Where [H+] and [OH-] is obtained by pH, [KOH] is the total concentration of KOH added in
solution and [Fc] the total amount of defects given by degree of functionalization and total mass
concentration of SWCNTs.
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Figure 2.7. (a) Titration curve of 6 h acid-treated SWCNT solution by 0.01 M sodium hydroxide
aliquots. (SWCNT concentration: 0.5 mg/ml, initial pH ~ 2.7) (b) Effective pKa of SWCNTs
against degree of ionization based upon left titration curve

Figure 2.7b provides pK(α), for 6 h treated SWCNTs as determined by NaOH titration in
water. The increasing negative charge accumulated on SWCNTs during titration causes pK(α) to
rise with 𝛼 , reflecting an increase in nonlinear electrostatic attraction of H+ to A-. Linear
extrapolation to zero provides the intrinsic acid dissociation constant pK0 of a hypothetical
isolated acid group, here about 4.0-4.2 since the most acidic functionality on the SWCNTs are
carboxyl groups.
The pK(α), span of Figure 2.7b from ~ 4 to ~11, is much too large to attribute to just
carboxyl groups; the presence of other acid functionalities of higher intrinsic acid dissociation
constant is indicated, including weakly dissociated phenolics as well as undetermined acid
functionalities of intermediate pK0. Interestingly, the pK(α), curve in Figure 2.7b exhibits three
distinct linear regimes, with fits to these regimes providing characteristic pK0 values of ~ 4.1, 7.8
and 9.6, consistent with literature for acid-treated carbon23, 24. The largest pK0 corresponds to the
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phenol dissociation, providing the identity of the least dissociable group on the acid-treated
SWCNTs. To calculate α by experiment, a count of all acid groups is needed, and in Figure 2.7b,
this count included all carbon defects found by Raman spectroscopy. An unknown number of
these defects are not acidic, so the true value of α is higher than shown. Despite the uncertainty
in absolute α, the end point of the first linear portion of Figure 2.7b, at ~ 0.1, gives a quantitative
measure of the fraction of defects in the form of carboxyl groups. Thus, although focus is on the
carboxyl functionality, since this dictates SWCNT surface activity, on the SWCNT surfaces
these groups are in the minority.
The SWCNT length distributions from DLS were analyzed by CONTIN, a program that
assumes a spherical solute shape. Thus, to obtain length distributions for rod-like SWCNTs, a
slender body hydrodynamic model was imposed to correct raw CONTIN results. Size
distributions by dynamic light scattering are usually presented in terms of hydrodynamic radius,
but here instead, the measured diffusion coefficient (or friction coefficient) distribution is
transformed into a rod length distribution by applying the slender body theory of hydrodynamics
while assuming the dispersed SWCNTs act as dilute, unoriented rods. With this modeling
simplification, the longitudinal and transverse rod friction coefficients, f1 and f2, respectively,
connect to rod length L, rod aspect ratio r, and solvent viscosity μ, as
𝜀(1+0.307𝜀)

𝑓1 = 4𝜋𝜇𝐿[

1−0.5𝜀
𝜀(1+0.307𝜀)

𝑓2 = 8𝜋𝜇𝐿[

1+0.5𝜀

+ 0.119𝜀 3 ]

Eq. (2.3)

+ 0.426𝜀 3 ]

Eq. (2.4)

where ε=[log(r/2)]-1. After orientational averaging, the overall SWCNT friction coefficient f is
given
𝑓 = (𝑓2 + 2𝑓2 )/3

Eq. (2.5)
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Considering rod diameter d to be unchanged during acid treatment, computing the diffusion
coefficient D as kBT/f, and plotting distributions appropriately for their independent variable, the
rod population at each value of D was converted into its equivalent population at L.
The evolution of SWCNT length with acid-treatment time is provided as Figure 2.8, with
the average initial length of several microns reduced to the range 40 to 300 nm at later times.
When SWCNTs were acid treated for 2 and 4 h, the presence of two peaks in the length
distribution indicates a mixture of original length and cut SWCNTs. With continuing treatment,
the cut SWCNT population becomes shorter and more uniform in length. For less than 4 h,
breakage leads to a bimodal length distribution that superimposes the initial length distribution
onto a broken length distribution. Beyond 4 h, essentially all SWCNTs have sub-300 nm
average broken lengths, although a strong downward shift in average length and a narrowing in
length distribution continues across all times examined.

Lengths below 10 nm are never

observed.

Figure 2.8. Dynamic light scattering of SWCNTs acid-treated for different periods of time. The
standard CONTIN size distribution analysis was corrected using the “slender-body” theory for
rigid rods
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By TEM, diameters of SWCNTs appear unchanged by acid treatment. Figure 2.9
provides a typical TEM and AFM image for 6 h acid-treated sample; because of SWCNT
conductivity, the TEM imaging required no metal coating, and so actual and imaged sizes should
be similar. Diameters extracted from these images for extended SWCNT sections of
approximately uniform cross-section are 8±2 nm, a range consistent with the untreated SWCNT
diameter specification given by the supplier. Overlapping of SWCNTs makes a measurement of
length problematic, but lengths discernable by AFM and TEM are qualitatively consistent with
those from DLS.

Figure 2.9. (a) AFM images of the dry state of 6 h acid-treated SWCNTs on a silicon substrate.
Sample is prepared by drop-casting a SWCNTs solution of 0.5 mg/ml on silicon. The scale bar is
300 nm (b) TEM image of 6 h treated SWCNT. The sample was prepared by drop-casting
SWCNT aqueous solution on TEM copper grid. The scale bar is 100 nm

2.4 Conclusions
The chemically multi-functionalized and shortened SWCNTs were prepared by the acid
mixture (HNO3/H2SO4, v/v: 1/3) treatment assisted by strong sonication. The treated SWCNTs
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are stably dispersible in aqueous phase with considerably long shelf life due to the hydrophilic
functionalities including carboxyl, hydroxyl and other undetermined carbon oxidized groups
developed from the original and lately created defects during acid-etching. The functionality
content elevates gradually as treating time prolongs and saturates at ~ 17%. The length of acidfunctionalized SWCNTs at later treating times was found to entirely fall within 50 to 300 nm
with relatively broad distributions. The geometry of SWCNTs was well preserved even under
this vigorous treatment. The surface functionalities as well as post-treated length created by this
acid treatment satisfy and pave the way for the interfacial segregation and later membrane
development via interfacial polymerization.
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CHAPTER 3
ASSEMBLY OF ACID-FUNCTIONALIZED SWCNT AT WATER/OIL INTERFACES
3.1 Introduction and Background
Relatively little is known about the behavior of SWCNT at liquid-liquid interfaces. The
interfacial segregation of SWCNTs is of importance to nanotube purification1, 2, flexible thinfilm fabrication for enhanced electron transfer3, the electrochemical synthesis of nanoporous
composites of nanotube-doped conducting polymers4, and the synthesis of porous polymer
foams5. One of early studies on the interfacial segregation of SWCNTs between two immiscible
liquids was made by Wang and Hobbie6 where pristine, amphiphobic SWCNTs acted as natural
“surfactants” to stabilize macroscopic Pickering emulsions comprised of water droplets in
toluene. They improved the solubility and interfacial activity by introducing surfactants,
deoxycholate (DOC)7 or ss-DNA8 and prepared microscopic polymer colloids with surface
coating of length- and type-sorted SWCNTs (Figure 3.1).

Figure 3.1. (A) Polymeric colloids with SWCNT surface coating by emulsion polymerization of
CNT-stabilized monomer droplets. ((a) aqueous SWCNT/DOC suspension (b) monomer droplets
stabilized by SWCNT/surfactants mixture (c) DOC removal and CNT condensation on
crosslinked polymer colloids) (B) polymer colloids where surface coated with ss-DNA stabilized
SWCNTs. Reprints from Refs. [7,8]

37

Yi et al. fabricated carbon nanotube capsules, 5-10 μm in size from acid-treated multiwalled carbon nanotubes (MWCNTs) by emulsification9. The length concentration of MWCNTs
were crucial factors for capsule formation. By altering SWCNT wettability and amphiphobicity,
imidazolium functionalization was described as another means to modulate SWCNT interfacial
assembly and to prepare flexible SWCNT thin-films with enhanced electron transfer properties3.
The trapping of SWCNTs at the oil/water interface was demonstrated to fractionate different
populations of isolated and bundled SWCNTs1. Acting as enzyme transporters, interfacially
segregated SWCNTs were shown to accelerate biocatalytic transformations10. However, the
efficient assembly of short, highly functionalized SWCNTs at liquid interfaces has rarely been
reported.
In this chapter, an easy, efficient method to segregate carboxylic acid-functionalized
SWCNTs to the water/toluene interfaces is described by adding amine-terminated polystyrene
into toluene phase. The interfacial composites made by this segregation are characterized by
several methods, including pendant drop tensiometry, fluorescent imaging of labeled SWCNTs
at the interfaces and scanning force microscopy. Routes to tune the efficiency of the assembly,
from the materials and physiochemical perspectives established upon the physical chemistry are
thoroughly discussed.
3.2 Experimental Sections
3.2.1 Materials
Polymer samples of various molecular weight and end-functionalities were purchased
from Polymer Source Inc. The samples included monoamino-terminated polystyrene (PS) (no
silane or amide linkage), Mn=9,500 g/mol, Mw/Mn=1.16 (cat. no. P3965-SNH2); monoaminoterminated PS (amide linkage), Mn=5,000 g/mol, Mw/Mn=1.17 (cat. no. P5243-SNH2) and
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Mn=2,800 g/mol, Mw/Mn=1.3 (cat. no. P5147-SNH2); monohydroxyl-terminated PS, Mn=2,700
g/mol, Mw/Mn=1.08 (cat. no. P5463-SOH); monocarboxy-terminated PS, Mn=3,000 g/mol,
Mw/Mn=1.4 (cat. no. P3740-SCOOH) and one polystyrene-b-poly (2-vinyl pyridine) (PS-bP2VP) diblock copolymer, Mn=16,000 g/mol (PS block), 3,500 g/mol (P2VP block),
Mw/Mn=1.05 (cat.no. P4708-S2VP). Monoisopropyl-terminated PS (Mn=2,000 g/mol,
Mw/Mn=1.1) was synthesized by living anionic polymerization with different end-capping
strategies.
Gold nanoparticles (5 nm in diameter, functionalized with citric acid to improve
dispersibility in water) were purchased from NanoComposix Inc. (cat no. AUCN-5-25M).
Poly(acrylic-acid) (Mn=450,000 g/ml) was purchased from Fluka Inc., 5(6)-carboxyfluorescein
(cat no. 21877-1G-F) and 4-(dimethylamino)pyridine (DMAP) (cat. no. 522805-5G) were
purchased from Sigma-Aldrich, and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) (cat.
no. H16W052) was purchased from Alfa Aesar Chemicals.
3.2.2 Fluorescently Labeling of SWCNTs
To label the acid-treated SWCNTs fluorescently, a stoichiometric excess (with respect to
the carboxylic acid units) of 5(6)-carboxyfluorescein was dissolved in a 0.08 mg/ml dispersion of
SWCNTs in water. Labeling was initiated by adding an aqueous solution (0.5 mg/ml) of EDC to
the dispersion, with reaction at room temperature proceeding under stirring for 48 h. The labeled
product was isolated from the reaction mixture by 96 h of dialysis against water (Spectra/Pore
standard grade RC membrane, MW cut-off 12,000-14,000 Daltons). Successful attachment was
confirmed by UV-Vis (Shimadzu, UV-3600) and photoluminescence spectroscopy (Photon
Technology International), the former also verifying the near complete removal of residual 5(6)carboxyfluorescein.
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Emulsification by labeled SWCNTs was tested by rigorously agitating 1:1 (by volume)
mixtures of aqueous SWCNT dispersion with toluene containing amine-functionalized PS.
Afterwards, a portion of the liquid mixture was deposited on a glass slide (with surface
depressions) for an evaluation of morphology by laser scanning confocal microscopy imaging
(LSFCM) (Leica SP2).
3.2.3 Pendant Drop Tensiometry
Pendant-drop tensiometry (Dataphysics, OCA20, Future Digital Scientific Co., Garden
City, NJ) was the primary tool to probe the influences on water/oil interfacial assembly of PS
end group functionality, SWCNT and PS concentrations, PS molecular weight, and SWCNT
degree of acid functionalization. The procedure and the principle of this apparatus is described
briefly in Chapter 1. Basically, the shape of an axisymmetric pendant drop is determined by the
balance of interfacial tension and gravitational force, described by the Bond number Bo=ΔρgR2/γ,
where Δρ is the density difference and γ the surface tension between the two fluids, g is the
acceleration due to gravity, and R is the radius of the drop. A numerical solution given by the
Young-Laplace equation is fitted to the contour of the pendant drop to extract the interfacial
tension. To ensure accuracy, the volume of drop should be set as large as possible but still be
able to maintain the axisymmetric shape even under low interfacial tension condition, which, in
our case, is optimized to be around 8 to 10 µL.
3.3 Results and Discussions
3.3.1 Segregation Strategy
Figure 3.2 shows the proposed segregation mechanism of the aqueously dispersed acid
functionalized SWCNTs at water/oil interfaces assisted by the amine-terminated PS dissolved in

40

toluene phase. Unlike a conventional surfactant segregated to the interface to reduce oil/water
contact, the driving force here, primarily is to minimize their mutual electrostatic energy as a
consequence “salt-bridge” interaction, an attractive interaction combining both electrostatic and
hydrogen bonding where electrostatic plays a dominant role. The surfactancy of amineterminated PS ‘anchors’ the attraction to liquid interface, where the negatively-charged SWCNTs
can be considered adsorbed from the aqueous phase by strong physical associations, with which
the entire entity be viewed as “macro-surfactants” assembly layer. Also, one can speculate as to
the degree to which PS-NH2 is molecularly mixed with SWCNTs in the interfacial layer.

Figure 3.2. Proposed mechanism of cooperative interfacial segregation between acid-treated
SWCNTs and PS-NH2

3.3.2 Interfacial Activity and Emulsification
When interfacially active materials migrate to liquid/liquid interfaces, the two major
effects are interfacial tension reduction and strong ability to induce stable emulsification, while
the formation of a stable emulsion usually relies on a lowering of interfacial energy driven by the
assembly of surfactants or particles at the liquid/liquid interface. Here, toluene/water mixtures
were vigorously agitated to test for emulsion stability. Figure 3.3 presents typical results for
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three mixture compositions: (a) no PS-NH2 in toluene and treated SWCNTs in water; (b) PS-NH2
in toluene and no treated SWCNTs in water; and (c) PS-NH2 in toluene and treated SWCNTs in
water. The figure caption provides the specific SWCNT and PS-NH2 concentrations, CSWCNT and
CPS-NH2, respectively, for the displayed test results as well as the other relevant properties of the
two solutes. As demonstrated by the inset images, stabile emulsification was achieved only for
(c), proving that interfacial cooperativity between solutes is essential to interfacial activity. More
generally, as discussed later, emulsification occurred with 6-h treated SWCNTs and Mn=2,800
g/mol PS-NH2 only when CSWCNT was sufficiently large. Not surprisingly, the size distribution of
the observed microscopic emulsion droplets was always broad.

Figure 3.3. Time-dependence of surface tension γ. (a) top layer: toluene; bottom layer: acidtreated SWCNT aqueous dispersion; (b) top layer: PS-NH2 in toluene; bottom layer: water. (c)
top layer: PS-NH2 in toluene; bottom layer: acid-treated SWCNT aqueous dispersion. Inset
images show that emulsification was achieved only in sample c (CPS-NH2=0.2 mg/ml,
CSWCNT=0.08 mg/ml, PS-NH2 Mn=2,800 g/mol, 6 h SWCNT acid treatment)
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Figure. 3.3 shows that mixtures (a) and (b) displayed only modest reductions of γ, ~2
mN/m and ~7 mN/m, respectively, from the ~35 mN/m value for the bare oil/water interface,
whereas the plot for (c) shows a dramatic drop, ~24 mN/m. That the decrease for (b) is larger
than for (a) is explained by the weak interfacial activity of PS-NH2, a ‘weak’ polymeric
surfactant by virtue of its polar amine ‘head’ and nonpolar PS ‘tail’. The steady state γ levels for
mixture (c), ~12 mN/m, is comparable to that achieved by the conventional small molecule
surfactant above its critical micelle concentration, establishing by comparison a substantial
coverage of the interface by the mixture. This suggests that the complex of PS-NH2 and
SWCNTs segregating strongly at liquid/liquid interfaces. Here, on the aqueous side of the
interface, protonated amines of PS-NH2 can bridge to dissociated the carboxyl functionality of
SWCNTs; the amine group pKa is ~9 and the carboxyl group pKa is ~4. With both solutes
charged at intermediate pH, the greater part of the salt-bridge attraction is therefore electrostatic.
Sluggish diffusion of bulky SWCNTs to the interface might account for the slowness of the γ
decay shown to steady-state in (c); steady γ isn’t achieved for nearly 10 min. A slow structural
reorganization of the interfacial layer at later stage with high surface coverage is a possible
alternate explanation.
To verify the physical depiction suggested in preceding paragraph, the stabilized
emulsions achieved by fluorescently labeled SWCNTs in the aqueous phase with PS-NH2 in the
toluene phase was examined by LSFCM. The successful fluorescent labelling of SWCNTs was
confirmed and shown in Figure 3.4. Here we purposely selected 5(6)-carboxyfluorescein, a
carboxylated species, to preserve its associability with PS-NH2. The fluorescently labeled
samples, dialyzed from different times for purification, were tested by UV-adsorption. The
gradual decrease of adsorption intensity at 490 nm at the time before 60 h, the characteristic
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excitation wavelength of fluorescein, reflected the continuing removal of excessive fluorophore
and beyond which, the adsorption intensity approaches a constant, which can be seen as that by
the chemically bonded fluorophores. The photoluminescence spectrum, shown in Figure 3.4a,
corroborates the emission and the lack of significant quenching of those bonded fluorescein on
SWCNTs.

Figure 3.4. (a) Photoluminescence of 5(6) carboxyfluorescein labeled SWCNTs dispersed in
aqueous phase and dialyzed from 96 h. (b) UV-Vis adsorption of 5(6) carboxyfluorescein labeled
SWCNTs dispersed in aqueous phase dialyzed from 24 h, 36 h, 60 h, 84 h and 96 h.

In the emulsions prepared for confocal microscopy observation, the solute in the
continuous oil phase was PS-NH2, and conditions at imaging were the same as those established
for Fig. 3.3c. Figure 3.5 demonstrates LSFCM images of 100-300 μm aqueous phase emulsion
droplets, and fluorescence localization consistent with strong interfacial SWCNT segregation is
evident. Further, the droplets’ circular shape suggests that the interfaces remain fluid-like.
Fluorescence imaging greatly exaggerates the apparent interfacial thickness, and the observed
differences in this thickness between droplets can be explained by variations in droplet size and
position (relative to the focal plane).
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Figure 3.5. Confocal fluorescence micrograph of water-in-toluene emulsion droplets stabilized
by the cooperative interfacial segregation of acid-treated SWCNTs and PS-NH2. The SWCNTs
are fluorescently labeled. (CPS-NH2=0.1 mg/ml, CSWCNT=0.08 mg/ml, PS-NH2 Mn=2,800)

3.3.3 Controlling Interfacial Activity
This cooperative technique allows wide space for manipulation. By varying materials
chemistry and the physiochemical conditions of two liquid phases, one can easily tune the
segregation density, interfacial tension and interfacial mechanical properties. A number of solute
parameters could affect the cooperative interfacial activity of SWCNTs and PS. From material
chemistry perspective, this includes degree of SWCNT acid-functionalization, PS end-group
chemistry and molecular weight. The salt bridge proposition was tested first by comparing for PS
chains bearing different end groups, namely, chains mono-terminated with amino, hydroxyl,
carboxyl and isopropyl groups; only the first one of these groups supports salt bridges, and the
last is nonpolar. Figure 3.6 presents dynamic γ curves for the selected chemistries as toluene
containing PS is placed against water containing acid-treated SWCNTs. Consistent with the
electrostatic hypothesis, only PS-NH2 leads to appreciable surface activity due to its protonation
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when exposed to acidic environment, and for this end group, with other parameters as given in
the caption, γ reduction was so large and fast that the pendant drop separated from the needle,
terminating the experiment prematurely, i.e., before a steady γ value was determined. The steady
state γ reductions observed in the figure for PS terminated with hydroxyl, carboxyl and isopropyl
groups are similar to those monitored in the absence of acid-treated SWCNTs, demonstrating
that the reductions originate from the slight surfactancy of the polymers, not by interfacial
interaction with SWCNTs. Significantly, the near inactivity of isopropyl-terminated PS shows
that “wrapping” of the hydrophobic PS chains around the hydrophobic SWCNT regions,
reported previously, does not generate significantly interfacial activity, or for that matter,
dispersion of SWCNTs in toluene.

Figure 3.6. Impact of PS end-group chemistry on the interfacial tension γ. (PS Mn~2,000 g/mol,
CPS=0.5 mg/ml, CSWCNT=0.08 mg/ml, pH~ 3.5, 6 h SWCNT acid treatment)
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Figure 3.7. Impact of SWCNT degree of functionalization on the time evolution of interfacial
tension γ. (PS Mn~2,800 g/mol, CPS=0.5 mg/ml, CSWCNT=0.08 mg/ml, pH~6)

Figure 3.7 shows that ~6 h of acid treatment is necessary for the rapid formation of
SWCNT/PS-NH2 interfacial layers. While treatments longer than 6 h further reduce γ, the
greatest impact of acid treatment is incurred in a time window between 4 to 6 h. Indeed,
treatment times less than 4 h provide only small, or possibly long delayed γ reductions while
times greater than 6 h offer little beyond deleterious SWCNT damage.

Figure 3.8. Impact of PS-NH2 molecular weight on the dynamic interfacial tension γ. (PS-NH2
Mn~2,800 g/mol, CPS=0.5 mg/ml, CSWCNT=0.08 mg/ml, pH~3.5, 6 h treated SWCNTs)
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Figure 3.8 reveals similar effects with respect to PS-NH2 molecular weight Mn. For
Mn>5,000, reduction was small and Mn dependent, but for Mn≤5,000, the reduction was large
and Mn independent. The absence of γ reduction at large Mn can be attributed to a lowered
density of salt bridges, i.e., blockage of unbound SWCNT carboxyl binding sites by segments of
previously bound PS chains along with a weaker binding of PS to SWCNT, i.e., a larger
conformational energy loss for the binding of longer PS chains. These trends with respect to acid
treatment time and Mn suggest a saturation, at fixed CPS-NH2 and CSWCNT, in the mass of PS-NH2
that can bind to a given mass of SWCNTs. Such saturation argues for PS binding through chain
ends.

Figure 3.9. Impact of polymer species, PS-b-P2VP on the time evolution of interfacial tension γ.
(PS-b-P2VP: PS block Mn~16,000g/mol, P2VP block: 2,800 g/mol, CPS-b-P2VP=0.2 mg/ml,
CSWCNT=0.08 mg/ml, pH~3.5, 6 h treated SWCNTs)

Apart from monofunctional PS-NH2, other polymeric species that are able to generate
positive charges at water/toluene interfaces can also induce substantial interfacial segregation for
SWCNTs. Figure 3.9 gives the dynamic γ of one of the examples, i.e., PS-b-P2VP. When
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located at interface in acidic environment, the pyridine unit, (pKa ~ 9) can be quarternized
substantially that provides multiple interaction sites and stronger mutually electrostatic
interaction between SWCNTs and the polymer. In contrast to PS-NH2, where γ approaches
steady-state in short timescale and obeys plausibly diffusion-controlled kinetics, much longer
time is needed for the PS-b-P2VP counterpart. Even after 5000 s, γ still decreases slowly with
several large deviations resulting from experimental artifacts and no evident sign of steady-state
is observed. After the initial stage of assembly where γ decreases rapidly, the rate of reduction
markedly attenuated and is followed by an even slower reduction at ~ 3000 s, which indicates the
assembly at interfaces changes from being controlled by diffusion to one being controlled by
adsorption, a result of steric hindrance created by densely-packed SWCNT/polymer layer at the
liquid interfaces. Nonetheless, though governed by different kinetics due to multiple-charge
characteristics and higher molecular weight, it suggests the necessity of applying positivelycharged polymer at oil phase in order to induce efficient assembly for SWCNTs.
On the other hand, it is also effective to tune the interfacial segregation density and
efficiency by varying the physiochemical condition of the liquid phases since bulk and interfacial
properties are closely related, a unique characteristic and advantage of liquid-liquid interfacial
assembly. Obviously, SWCNTs concentration is one of the easily tunable parameters. As is
shown in Figure 3.10, a sharp drop of steady-state γ is noted when, at all fixed CPS-NH2, (0.05
mg/ml in (a), 0.10 mg/ml in (b), 0.15 mg/ml in (c) and 0.25 mg/ml in (d)), CSWCNT increases from
~ 0.0075 mg/ml to 0.075 mg/ml. At high CSWCNT, γ becomes so low that made droplets fell of the
needle and terminated the experiments prematurely. Though this is not an exact steady-state γ,
yet the value is pretty close to real one. This transition was observed for all CPS-NH2 values
investigated, with steady-state γ always falling by more than 10 mN/m across a narrow CSWCNT
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window centered at ~0.04-0.05 mg/ml. To make this transition clearer, the steady-state γ plotted
as a function of CSWCNT for all CPS-NH2 investigated, which is shown in Figure 3.11a.

Figure 3.10. Dynamic γ dependent upon CSWCNT at a four fixed CPS-NH2 (a) CPS-NH2=0.05 mg/ml;
(b) CPS-NH2=0.10 mg/ml; (c) CPS-NH2=0.10 mg/ml; (d) CPS-NH2=0.25 mg/ml

Below the critical CSWCNT where sharp transition occurs, γ decays slightly with CPS-NH2,
but above which, γ ≈15 mN/m irrespective of CPS-NH2 and CSWCNT. In the latter regime, droplets
sometimes detach before steady γ is determined, explaining the smaller number of data points in
this portion of the plot. For fixed values of CSWCNT above and below the transition, 0.03 and
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0.075 mg/ml, Figure 3.11b cross plots the same data, thereby highlighting the PS-NH2 trends
mentioned. At low CPS-NH2, absent meaningful PS-NH2 interactions with SWCNTs, weak γ decay
reflects the limited surfactancy of PS-NH2, and at large CPS-NH2, γ saturation presumably reflects
an upper bound to the composite interfacial layer’s surface coverage.

Figure 3.11. (a) Sharp transition in γ as a function of CSWCNT for fixed CPS-NH2 between 0.05 and
0.25 mg/ml. (b) Selected data from (a) plotted as γ against CPS-NH2 for fixed CSWCNT of 0.03
mg/ml and 0.075 mg/ml. (PS-NH2 Mn=2,800 g/mol, 6 h SWCNT acid treatment)
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3.3.4 Probing Sharp Transition of Interfacial Segregation
As the concentration of a surfactant passes through the critical micelle concentration
(CMC), γ typically falls to a constant low value, but the transition in γ observed here with respect
to CSWCNT must has different origins, particularly as an interacting solute in the opposite liquid
phase is essential and no evidence suggests that the transition is accompanied by the onset of
bulk micelle formation. Even more, Figure 3.11a shows features dissimilar to those for a critical
micelle concentration, as for example, the γ transition is abrupt, spanning less than a factor of
two in concentration; the γ transition near a CMC typically persists over an order-of-magnitude
(or more) of surfactant concentration. Surprisingly, despite the need of a second solute, the
critical value of CSWCNT is nearly independent of the second solute’s concentration. The nature
and location of the transition observed here, as well the nature of the interfacial layer at higher
concentrations, require a different physical explanation.
Acid-treated SWCNTs are relatively stiff, rod-like, and multi-functional (i.e., decorated
with many carboxyls), features which, separately or together, might explain the observed
transition. He et al. showed, for example, that concentrating rod-like nano-objects at the oil/water
interface induces a cooperative transition in their orientations11. To determine if a similar
orientational change underlies the SWCNT transition, γ at the toluene/oil interface was measured
as a function of solute concentration with the SWCNTs replaced by high molecular weight poly
(acrylic acid) (PAA) since PAA is a flexible polymer where the no orientational transition should
be observed. Results for PAA replacement are given in Figure 3.12. Over a PAA concentration
span from ~0.03 to ~0.08 mg/ml, though occurs at very low CPAA, the PAA system displays a
sharp and marked drop (~50%) in γ, much as seen with SWCNTs. The difference suggests that
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the orientational transition resulting from solute geometry does not contribute to this sharp
transition.

Figure 3.12. Sharp transition in γ as a function of CPAA for fixed CPS-NH2 (CPS-NH2=0.2 mg/ml, PSNH2 Mn=2,800 g/mol)

Indeed, two effects, originated from increasing CSWCNT are chemical potential elevation
and pH change. As mentioned in previous chapter and shown in Figure 3.13, upon dispersal in
water, at the large enough SWCNT concentration, the carboxylic acid on SWCNT creates
measurable pH drop. At the γ transition, Figure 3.13 shows that both CSWCNT ~0.05 mg/ml and
pH~4.2, conditions coinciding with the onset of SWCNT dissociation as reflected in the intrinsic
pK0.
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Figure 3.13. pH and γ dependence on CSWCNT. Here, CPS-NH2 in tensiometry measurement is 0.2
mg/ml. The transition occurs with the concentration where pH ~4.2

To verify this pH effect, at a constant and relatively high CSWCNT value, γ was measured
concurrently with pH while adding KOH. In this test, steady-state γ as a functional of measured
solution pH with SWCNT and without SWCNTs are plotted in Figure 3.14. For PS-NH2 alone, γ
only shows a modest, gradual decrease from 32 mN/m to 25 mN/m as lowering pH rather than a
distinct, sharp transition. Whereas with SWCNTs, when at low pH regime (<3), a small γ is
observed corresponding a high segregation density at liquid interfaces, but as the pH rose, so too
did γ , only sharply. The 13 mN/m increase in γ at pH ~4.2, approximately the pH identified as
the CSWCNT transition in Figure 3.13, agrees with the 13 mN/m increase in γ seen in Figure 3.14.
The transition occurs at pH≈pKa,0 ~4.2, the acid dissociation constant of carboxylic acid group.
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Figure 3.14. Steady-state γ as a function of pH. (Red: the case without SWCNTs in aqueous
phase. Black: with SWCNT in aqueous phase, CSWCNT=0.5 mg/ml, initial pH ~ 2.7)

The physical chemistry behind this sharp transition comes from the pH-induced
regulation of SWCNT and water/oil surface charge, which dominates the interactions at the
interfaces. It should be noted that even a pristine oil/water interface innately carries substantial
amount of negative charges, due to the spontaneous adsorption of hydroxide ions released by the
dissociation-association equilibrium of the water at the oil/water interface. The specific
adsorption energy was estimated to be 25kBT, (much larger than thermal energy), as discussed by
Marinova et al., The magnitude of the charge density, reflected in ζ-potential, is significantly
depends upon the pH, which decreases sharply from -70 mV to -20 mV as the pH is changed
from 7 to 312, as shown in Figure 3.14. These strong pH-dependent water/oil interfacial charge,
can be not be ignored. The attenuation of negative charge at lower pH dramatically suppresses
the electrostatic repulsion between the same negatively charged SWCNTs and water/oil
interfaces.
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Figure 3.15. Measured electrophoretic mobility and ζ-potential of xylene droplet as a function of
pH at fixed ionic concentration, I=10-3 M. Fitting curve based on theoretic calculation. Reprint
from Ref. [12]

Moreover, the mutual interactions of charged SWCNTs itself near and at the water/oil
interfaces contribute significantly to the final outcome of the interfacial assembly. Repulsive as
they are typically in nature, they are determined by the interplay of interactions with different
origins. Direct and screened Columbic interaction are responsible for the repulsion in charged
nanoparticle/nanorods system, with the former through oil phase and the latter via aqueous phase.
The dipole-dipole interactions due to the asymmetric distribution of surface charges around the
colloids13 might also make a contribution. In SWCNT interfacial segregation, at oil side, most of
charge are neutralized by protonated PS-NH2 that results in an asymmetric ionic atmosphere in
the aqueous phase, so that there is a net dipole moment. The net force is shown in Eq. 3.1,

𝑓𝑑𝑖𝑝𝑜𝑙𝑒 ∝

2
6𝜀𝑜𝑖𝑙 𝑞𝑤𝑎𝑡𝑒𝑟

2
𝜀𝑤𝑎𝑡𝑒𝑟
𝜅2 𝑅4
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,

Eq. (3.1)

where εoil and εwater are the dielectric constants of oil and water, respectively, qwater is the
effective charge contributing to dipole-dipole interactions. κ-1 is the Debye screening length, R is
the average separation distance between nanorods. The other possible contribution is the longrange repulsion arising from residual charge at SWCNT/oil interface. The magnitude of force is
expressed as Eq. 3.2,
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𝑅
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]

Eq. (3.2)

Where qoil is the residual charge on particle/oil interface and δ is the distance of qoil to the
interface. The third repulsive interaction arises is a screened Coulombic interaction through the
water phase. This force is given by:

𝑓𝑠𝑐𝑟𝑒𝑒𝑛𝑒𝑑 ∝ 𝐾

𝑒 −𝜅𝑅
√𝜅𝑅

Eq. (3.3)

Where K is a prefactor which is proportional to the charge density and geometry of nanorods, κ-1
is the Debye screening length. Particularly, in a salt-free environment, the screened Columbic
repulsion can be the dominant force between the SWCNTs in the bulk phase. Unfortunately, due
to the lack of ordering and residual charge information for SWCNTs, it becomes difficult to
distinguish and quantify the dominance of those three interactions. However, they are all
repulsive in nature.
Figure 3.16 illustrates the physical depiction of the pH-induced sharp transition of
SWCNT interfacial segregation. At pH above the pKa of carboxyl groups, the SWCNT carboxyl
groups are mostly ionized. The high charge density along the tubes gives rise to strong repulsion,
higher than the association energy, between SWCNTs and SWCNT/liquid interfaces that inhibits
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an efficient segregation at liquid/liquid interfaces. Whereas at below pKa, where the carboxyl
groups are mostly non-ionized, the repulsion is markedly suppressed by reduced charge density.
The remaining surface charges are sufficient to induce strong segregation. It turns out that the
charge density, the most influential factor controlled simply by pH, must be in the intermediate
yet optimal range, for too much leading to strong repulsion and too little to severe aggregation.
The interfacial activity switched by charge density is also observed in charged nanoparticles13.

Figure 3.16. Physical depiction of pH-induced transition of SWCNT segregation at
toluene/water interfaces

Consequently, if a critical fraction of dissociated carboxyl groups underscores the
transition, further questions are: what is the critical fraction? In the interfacial layer, is the
SWCNT charge exactly compensated by the protonated PS-NH2 charge? If compensation isn’t
exact, electrostatic repulsions between SWCNTs might limit their accumulation, but if
compensation does occur, perhaps PS-NH2 steric hindrance limits accumulation. In the extreme

58

case, an excess of PS-NH2 might even endow the layer with positive charge. However,
measuring the SWCNT-to-PS-NH2 ratio in the interfacial layer was not possible.
Finally, to exclude the assumption that this sharp transition is concurrently caused by
increased chemical potential when CSWCNT increases, Figure 3.17 shows the result of a controlled
experiment, where CPS-NH2 are fixed (0.2 mg/ml) as well as pH is tuned to be above pKa (pH ~6),
and the steady-state γ was measured as a function of SWCNT concentration. Expectedly, the
sharp transition in γ was not found, but only a slight reduction in γ was observed when CSWCNT
was varied from 0.01 mg/ml to 0.09 mg/ml, which supports our finding that it is the charge
density regulation by pH that gives rise to the unique sharp transition of interfacial segregation.

Figure 3.17. γ as a function of SWCNT concentration at fixed CPS-NH2 and pH (CPS-NH2=0.2
mg/ml, PS-NH2 Mn: 2,800 g/mol, pH~6)

The other characteristic of acid-functionalized SWCNT is the multiple functionality,
termed multivalency. None of the previous experiments proved that the aqueous phase acid had
to be multivalent, i.e., that the acid must host multiple acid carboxyl groups to interact strongly
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with PS-NH2. To confirm this hypothesis, SWCNTs were replaced by adipic acid, a model small
molecule di-acid. Figure 3.18 plots γ and pH against acid concentration, spanning ranges of
concentration and pH ranges comparable to those of SWCNT experiments. In contrast to
SWCNTs or PAA, only a relatively small and smooth γ reduction is observed.

Figure 3.18. Dependence of pH and γ on adipic acid. (CPS-NH2=0.2 mg/ml, PS-NH2 Mn=2,800
g/mol)

Interestingly, the pH-dependent interfacial segregation at liquid/liquid interfaces revealed
from this cooperative assembly technique not only applies to the acid-treated SWCNTs but also
to materials sharing carboxylated, multivalency trait. Two examples, i.e., citric acid
functionalized Au NPs (5 nm in diameter) and PAA, a multi-carboxylated polymer assembled
with PS-NH2 were studied and the γ as function of pH are given in Figure 3.19, where a sharp
transition occurring at the pKa,-COOH is observed for both materials. The result suggests the large
extensibility and flexibility of this technique together with the related physical chemistry over
wide range of materials assembly at liquid/liquid interfaces.
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Figure 3.19. γ as a function of pH for (a) PAA (b) citric acid functionalized Au nanoparticles
(5nm in diameter) (CPS-NH2=0.2 mg/ml, PS-NH2 Mn=2,800 g/mol)

3.3.5 Properties of Interfacial Layer
As indicated earlier, the ratio of compositions for the interfacial layer’s interacting
components could not be established with the techniques available. The scanning electron
micrograph in Figure 3.20, of emulsion droplets dried on a carbon grid shows a birds-nest type
structure, with the SWCNTs having no obvious ordering or orientation. Whether the SWCNTs
were perturbed by drying, or whether the in-situ layers are solid-like or fluid-like, remains
uncertain. The viscoelasticity and relaxation processes of these layers are discussed in the next
chapter.
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Figure 3.20. SEM micrograph of dried droplets on Si substrate (Scale bar: 1 μm)

3.4 Conclusions
A novel route to segregate SWCNTs at the water/oil interfaces was established by
exploiting the strong salt-bridge interaction of acid-treated SWCNTs in the aqueous phase with
amine-terminated polystyrene in the oil phase. At appropriate conditions, this interaction creates
a stable interfacial layer that can best be probed by surface tensiometry. While acid treatment is
needed to shorten and solubilize the SWCNTs beforehand, interfacial layer formation is favored
when the carboxyl acid groups created by this treatment are mostly undissociated. Indeed,
variations in dissociation, induced by pH change, can cause a sharp γ transition to tune
segregation efficiency. Impacts of the properties of the SWCNT and polystyrene components on
interfacial activity were examined, and factors favoring salt-bridge formation were always found
beneficial. This technique and the related physical chemistry proves to be quite extensible and
flexible to other multivalent materials.
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CHAPTER 4
RHEOLOGY OF SWCNT/POLYMER COMPOSITE ASSEMBLY AT OIL/WATER
INTERFACES
4.1 Introduction and Background
In the preceding chapter, we discussed the assembly of acid-treated SWCNTs at the
toluene/water interface. A uniform composite film of PS impregnated with SWCNTs was formed.
To understand the rheology of SWCNT/PS-NH2 co-assembled films that is intimately related to
membrane development, the viscoelasticity and relaxation behavior are two key aspects of great
significance. In particular, whether the film is fluid-like or solid-like and the relaxation behavior
affects the design of transfer conditions. Alongside with this, it is evident that the co-assembled
SWCNT/PS-NH2 markedly lowered the interfacial tension, effectively transforming SWCNTs
into efficient “nanosurfactant”. These interfacial films can robustly stabilize emulsions, vesicles,
and foams with its stability and coarsening mechanisms largely determined by the rheology of
films residing at liquid/liquid interfaces.
Many investigations have examined rheology of films assembled at liquid interfaces, with
largest number focused on small molecule surfactants but with a significant number also directed
at synthetic polymers, proteins. Properties vary significantly by system, with, fluid-like, gel-like,
and solid-like responses all reported as well as a variety of relaxation mechanisms. Diez-Pascual
et al., for example, observed that block copolymer films at the air-water interface relax by
adsorption/desorption processes well described by the classic Lucassen-van de Tempel model1.
The hydrophobically modified polyacrylamide films studied by Wang et al. at the oil/water
interface displayed two relaxation processes, a fast relaxation attributed to adsorption/desorption,
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and a slower relaxation, attributed to conformational changes of polymer chains2. Films of
asphaltene, with stronger intermolecular interactions, formed films with soft-glass character that
retards coalescence3, 4. At the air/water interface, Freer et al. demonstrated a dominantly viscous
response for an adsorbed β-casein film, but an analogous lysozyme film, they reported that
response was elastic, the different explained in terms of an interfacial network produced a long
times by lysozyme denaturation5, 6.
Investigations of the rheological properties of nanoparticle films at liquid/liquid interfaces have
been limited. Noting significant impact on emulsion stability and morphology, Ravera et al.,
studied the solid-like films created at oil/water interface when silica nanoparticles in water were
mixed with cetyltrimethylammonium bromide (CTAB) and fatty amine7-9. Krishnaswamy et al.
demonstrated the soft-glass nature of Ag nanoparticle monolayers formed at the toluene/water
interface10. Our film strategy, different than previous investigations, is simple to implement and
broad in application. A large amine-containing hydrophobic solute is dissolved in an oil phase
contacted with a water phase containing a nanomaterial of modest anionic charge. By the
electrostatic attraction at the interface between amines and acids, the hydrophobic solute
interfacially assembles with the nanomaterial, creating a film tens-of-nanometer thickness and a
dramatically lowered interfacial tension. In the previous chapter, the rheology of the films was
not assessed, and whether the films were fluid or solid was often unclear. Long-lived wrinkles,
sometimes observed on droplet interfaces by decreasing the droplet volume, demonstrated that
the films could possess transient, or even permanent, solid-like character.
Herein, the interfacial viscoelasticity of films co-assembled at the oil/water interface by
electrostatic interactions between oxidized single-walled carbon nanotubes (SWCNTs) dispersed
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in water and amine-terminated polystyrene (PS-NH2) dissolved in toluene are probed by pendant
drop tensiometry/rheology. Conditions under which these films form were discussed previously.
Interfacial dilatational rheology probes the stress-strain response of films at liquid/liquid
and air/liquid interfaces under stress-strain protocols similar to those of bulk rheology, i.e., under
oscillation, step strain, etc. When a fluid-fluid interface is driven out of equilibrium by an areal
expansion or contraction, creating interfacial strain, various relaxation processes can return the
interface to equilibrium. Alongside structural relaxations in the interfacial layer itself, reflecting
changes in molecular orientation/aggregation/conformation/packing, additional relaxations can
emanate from adsorption/desorption exchanges with the surrounding bulk phases
In the oscillatory rheology experiment, if the area change is small enough, i.e., if the
interfacial strain falls within the linear viscoelastic regime, rheological properties are captured in
the frequency ω-dependent interfacial complex modulus E*(ω), which decomposes into its real
(storage) and imaginary (loss) components, Eʹ(ω) and Eʺ(ω), respectively, from which the phase
angle δ is determined,
𝐸 ∗ (𝜔) = 𝐸 ′ (𝜔) + 𝑖𝜔𝐸′′(𝜔)

tan𝛿(𝜔) = 𝐸′′(𝜔)/𝐸 ′ (𝜔)

These two-dimensional moduli have fundamental units of mass/time2, alternately expressed
energy/area or force/length, combinations carrying the same fundamental units as interfacial
tension. Indeed, E*(ω) is calculated
𝐸 ∗ (𝜔) =

𝑑𝛾
𝑑𝑙𝑛𝐴/𝐴0

as area A oscillates with amplitude ΔA about initial area A0,
𝐴(𝑡) = 𝐴0 + ∆𝐴 exp(𝑖𝜔𝑡)
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and measured surface tension γ(t) oscillates about the static surface tension γ0 with amplitude
Δγ(ω),
𝛾(𝑡) = 𝛾0 + ∆𝛾(𝜔)exp[𝑖(𝜔𝑡 + 𝛿(𝜔))]
Interfacial layers are never perfectly two-dimensional, and for a layer of finite thickness and
uniform properties, these moduli are proportional to thickness.
Interfacial stress relaxation experiments are more effective than interfacial dynamics
experiments at probing terminal rheology, defined as behavior at large enough t, or small enough
ω, to encompass all interfacial relaxation processes. In particular, the presence of an equilibrium
modulus in a stress relaxation experiment unequivocally determines whether an interfacial layer
is fundamentally fluid-like or solid-like, with only the latter supporting such a stress. In a
pendant drop experiment, an infinitesimal areal expansion or contraction at t=0 puts the interface
under steady strain, with subsequent the stress relaxation monitored through γ(t),
𝐸(𝑡) =

|𝛾(𝑡) − 𝛾0 |
∆𝐴/𝐴0

where E(t) is the dilatational relaxation modulus. Accurate measurements can be taken out to
~10,000 s or longer, probing relaxation processes more than an order-of-magnitude slower than
possible in the analogous interfacial dynamics experiment. For interfacial oscillatory and stress
relaxation experiments conducted in the linear viscoelastic regime, the compositions of the
interfacial film and the two surrounding bulk phases remain essentially constant.
Interfacial tensiometer experiments performed after finite changes to interface or bulk
composition(s) further elucidate the kinetics of interfacial film assembly/disassembly, providing
related but non-rheological insights into film relaxation processes, particularly those associated
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with adsorption/desorption or attachment/detachment. Two distinct experiments are most
revealing: (i) the monitoring of γ(t) for freshly created interface, exploring film assembly kinetics,
and (ii) the monitoring of γ(t) for an existing interfacial film after a reduction of either/both bulk
phase compositions, exploring film disassembly kinetics. For the latter experiment, most
convenient is the exchange of a solution surrounding the test droplet by pure solvent, promoting
film disassembly and testing whether assembly/disassembly is reversible, as expected for a
soluble fluid-like film.
4.2 Experimental Sections
4.2.1 Materials
Pristine SWCNTs at nanotube purity >90% were purchased from Nanocs Inc. (cat. no.
CNTS01); diameters and lengths ranged, respectively, from 2 to 10 nm and 50 nm to several µm.
Sulfuric acid (98%) and nitric acid (70%) along with reagent grade toluene were purchased from
Fisher Scientific Inc. and used as received. Monoamine-terminated polystyrene (PS-NH2) was
purchased from Polymer Source Inc. (Mn=2,800 g/mol, Mw/Mn=1.3, cat. no. P5147-SNH2), and
gold nanoparticles (Au NPs) (5-nm diameter, citrate acid-functionalized, 0.05 mg/ml
concentration) were purchased from nanoComposix (product no. AUPN5-25M). Titanium
dioxide nanorods (TiO2, NRs) (20 nm in length and 4 nm in diameter with carboxylic acid
functionalization) were the gifts from Prof. D. Hojo.
4.2.2 SWCNT Acid-treatment
Acid functionalization of SWCNTs followed the same procedures as described in a
previous publication5. Briefly, the purchased SWCNTs were treated by an acid “cutting” and
oxidation procedure in which 20 mg SWCNT was dispersed in 60 ml sulfuric acid and 20 ml
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nitric acid, and the mixture was vigorously sonicated at 45 ºC for 6 h. After treatment, the
SWCNT suspension was diluted with 500 ml of deionized water and filtered through 200-nm
pore size microporous nylon filter membranes (Pall Corporation, cat. no. 66602) to isolate the
treated SWCNTs, which readily redispersed (and remained stable for months) in de-ionized
water. SWCNT lengths were determined by dynamic light scattering and scanning electron
microscopy, and oxidation states were examined by Raman spectroscopy and titration. While
polydisperse, most of the cut lengths fell across the span 50-300 nm, and the level of oxidized
carbon was about 17%, dominantly in the form of carboxyls and phenols, functionalities with
pKa values of 4.5 and 10, respectively.
4.2.3 Interfacial Dilatational Rheology
Interfacial dilatational rheology experiments were performed using a pendant drop
tensiometer (Dataphysics, OCA 20) coupled to a oscillation drop generator (Dataphysics, ODG
20) housing a piezoelectric element able to produce changes in drop surface area over broad
ranges of ΔA and ω. In oscillatory experiments, a fresh SWCNT-containing water drop was
created inside a toluene solution of PS-NH2, and before testing, interfacial assembly was allowed
to reach steady-state, a condition deduced by the experiments described in the next section. The
SWCNT concentration CSWCNT varied from 0.005 to 0.08 mg/ml, and the PS-NH2 concentration
CPS-NH2 varied from 0.001 to 0.3 mg/ml. Analysis of a video record of drop shape provided γ as a
function of t, which in conjunction with A/A0, allowed calculation of E*. With the linear
viscoelastic regime verified to continue past 8% strain, for adequate signal-to-noise ΔA/A0 was
set to 3.5%, while ω was adjusted from 0.003 to 2 Hz, the practical upper and low limits to
tensiometer operation. Stress relaxation experiments, also with ΔA/A0 set to 3.5%, were
performed similarly, using capabilities of the tensiometer to implement a step areal strain.
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4.2.4 Pendant Drop Tensiometry to Access Interfacial Film Assembly/Disassembly
To evaluate the timescale for interfacial layer assembly as a function of CSWCNT, using the
same tensiometer, γ(t) was monitored to near steady state for a water drop was created at t=0.
This drop (10 μL nominal volume, 0.005 mg/ml< CSWCNT<0.08 mg/ml) was injected into a much
larger (2.5 ml) reservoir of toluene at constant CPS-NH2 (0.2 mg/ml). Likewise, to evaluate the
timescale for interfacial layer disassembly, γ(t) was monitored for a previously equilibrated drop
(0.005 mg/ml< CSWCNT<0.08 mg/ml) by replacing at t=0 the PS-NH2-containing reservoir fluid
(CPS-NH2=0.2 mg/ml) with pure toluene. Fluid exchange was accomplished by gravity flow
between reservoir inlet and outlet, and about 6 reservoir fluid volumes were exchanged at the
start of each exchange experiment. During exchange, the Reynolds and Capillary numbers were
small enough to hold the drop shape profile constant.
4.3 Results and Discussions
As described in preceding chapter, under appropriate conditions the strong electrostatic
coupling between oxidized SWCNTs dispersed in water and low Mw PS-NH2 dissolved in oil
(toluene) produces robust interfacial films and dramatic decreases in water/oil interfacial tension.
The coupling, and thus the interfacial activity, is strongly pH-dependent, reflecting the pKa of
the carboxyls of the oxidized SWCNTs; at a pH much above the pKa, the mutual electrostatic
repulsions between the multiply charged SWCNTs interfere with their segregation to the
interface, and the interfacial tension change is much attenuated. Likewise, as PS-NH2 Mw grows
large (≳10,000 g/mol), the change is again attenuated, probably because of the excluded volume
interactions among PS-NH2 ‘tails’ in the oil phase. While the earlier publication outlined
conditions for the formation of co-assembled films, these conditions mainly reflect interactions
perpendicular to the interface. Interfacial rheology more immediately reflects interactions in the
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plane of the interface. Even casual observations indicated strong viscoelastic characters to the
films.
4.3.1 Interfacial Viscoelasticity: Trends in the Dynamics Experiments
The linear viscoelastic regime of the co-assembled films was verified by an amplitude
sweep at fixed ω=0.01 Hz. The 3.5% strain, selected for an adequate signal and a slightest
perturbation, is well within the viscoelastic regime for the Eʹ, shown in Figure 4.1, remains
unchanged up to 8% strain.

Figure 4.1. Storage modulus (Eʹ) as a function of strain amplitude (ΔA/A0) at fixed frequency (ω
=0.01 Hz)

Figure 4.2. A representative stress-strain data of SWCNT/PS-NH2 composite films at ω=0.01
Hz and 3.5% strain. Strain is the periodic variation of droplet surface area A and stress response
is interfacial tension γ
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Figure 4.3. ω-dependent Eʹ (blue) and Eʺ (red) of (a) SWCNT/PS-NH2 co-assembled films and
(b) PS-NH2 controlled films (CSWCNT=0.02 mg/ml, CPS-NH2=0.2 mg/ml, and pH=3.0)

Figure 4.3 presents representative trends in Eʹ(ω) and Eʺ(ω) after steady state interfacial
assembly at CSWCNT=0.02 mg/ml, CPS-NH2=0.2 mg/ml, and pH=3.0, conditions that support
formation of robust, homogeneous, and isotropic films with γ0~11.3 mN/m, significantly less
than γ0~34 mN/m for a bare toluene/water interface; Figure 4.2 shows the underlying rheology
data at ω=0.01 Hz. The film thickness, estimated by mechanical profilometry after transfer to a
silicon wafer, is ~20 nm, lower than the average cut SWCNT length, thereby revealing that the
SWCNTs must preferentially align in the film plane or protrude from the film surface. The fully
extended contour length of PS-NH2 is ~7 nm. These relative sizes suggest a complex film
nanostructure, consistent with SEM imaging of the transferred film’s “birds’ nest”-like
morphology (see Figure 3.20). Figure 4.3 also plots Eʹ(ω) and Eʺ(ω) at the same conditions
except with SWCNTs absent in the aqueous phase. For this control experiment, γ0 ~27 mN/m,
much closer to γ0 ~34 mN/m, indicating a sparser, or weaker, film than in the presence of
SWCNTs. PS-NH2 is essentially a weak surfactant dissolved above its critical micelle
concentration, ~0.08 mg/ml.
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For the control film, Eʹ(ω) and Eʺ(ω) are relatively small, and both increase slowly with
ω. At the largest ω reached, ~1-2 Hz, where Eʹ(ω) for both co-assembled and control films trend
toward ω-independent plateaus, Eʹ(ω) for the co-assembled film is more than 5 times greater
than for the control film. This enhancement in lateral film stiffness reflects (i) mechanical
reinforcement conveyed by SWCNTs, (ii) enhanced rigidity of a denser polystyrene interface
phase unable to relax at short timescales, and/or (iii) augmented PS-NH2 at the interface when
SWCNTs are available for electrostatic binding. Trends of Eʹ(ω) at low ω for the co-assembled
and control films are less obvious (see next section), but Eʹ(ω) falls as ω decreases, and Eʹ(ω)
for the co-assembled film is less than Eʹ(ω) for the control film but by less than that at higher ω.
The most striking difference between co-assembled and control films is a pronounced Eʺ(ω)
maximum for the co-assembled film at ω≈0.1-2 Hz, a feature coincident with an upward turn in
Eʹ(ω). Neither feature is displayed for the control film. These features establish that the coassembled film undergoes a significant relaxation in the timescale range ~1-5 s, a process
missing in the pure PS-NH2 control film, or alternately, with this process shifted to ω above that
probed by the experiment.
4.3.2 Interfacial Rheology: Oscillatory Experiments at Lower ω
To clarify the lower ω behaviors of co-assembled films and to understand better the influence of
SWCNTs on film rheology, log-log plots of Eʹ(ω), Eʺ(ω) and tanδ(ω) are given in Figure 4.4
for the same, as well as higher, CSWCNT. All figure curves are inconsistent with classical terminal
behavior of a fluid or a solid, i.e., Eʹ(ω)~ω2, Eʺ(ω)~ω for fluid or Eʹ(ω)=constant, Eʺ(ω)~ω for
solid behavior12. Instead, at ω below the relaxation outlined in the last section, Eʹ(ω) and Eʺ(ω)
roughly follow parallel power-laws for at least one to two decades of ω, and as a consequence,
tanδ(ω) is independent of ω. These behaviors can be summarized.
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𝐸 ′ (𝜔)~𝐸 ′′ (𝜔)~𝜔𝑛 , 𝑛 =

𝑛𝜋
2

where the power law exponent n is constrained 0< n <1. Figure 4.5 and Table 4.1 establish that
n grows with increasing CSWCNT.
Although measured in bulk shear rather than interfacial dilatation, low ω power laws in
Eʹ(ω) and Eʺ(ω) for materials intermediate between fluid and solid were first analyzed by Winter
and Chambon, who coined the term “critical gel”13. At this transition state, the characteristic
length scale of energy dissipation is absent and a fractal microstructural organization emerges.
The element giving rise to energy dissipation can be the aggregates with size/mass following
power-law distribution, as seen for polyethylene-b-polyethylene glycol, a polymeric surfactant
studied by Anton et al14., and asphaltene-laden interfaces investigated by Bouriat4. In all the
cases where “critical-gel” rheology was observed, the interaction is attractive in nature.
For kinetically jammed systems and colloidal glasses with repulsive interactions among
components, similar rheology is reported. Another argument, termed soft-glassy rheology (SGR),
developed by Bouchaud, offers another explanation. Here, the glassy dynamics are a natural
consequence of two properties: structural disorder and metastability. In a finite disordered
system, the energy landscape is scattered with many local minima surrounded by high-energy
barriers, that can be considered as metastable configurations (energy traps), from which the
system hops by thermal activation at the rate of exp(-E/x), where E is the trapping energy for
mesoscopic domains and x is the “noise/effective temperature” relative to the glass transition,
characterizing the rearrangement coupling between elements, x=1 means the system at its glass
transition. The relaxation is described by local hopping events activated by stress or temperature
in defined mesoscopic domains (large enough for their deformation described by a variable strain
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l but small enough for macroscopic behavior be an average of mesoscopic contributions)3. The
density distribution, ρ(E), of this stress-conveying, trapped domains follow exponential decay.
For a system above the glass transition where x >1, it predicts:
E' ~ ωx-1, E" ~ ωx-1, δ=(x-1) π/2
The relaxation exponent n is given by n=x-1, which physically describes the “distance” above its
glass-transition.

Figure 4.4. ω-dependent Eʹ(ω) and Eʺ(ω) at different SWCNT bulk concentrations in log-log
scale (a) 0.04 mg/ml; (b) 0.06 mg/ml; (c) 0.08 mg/ml; (d) 0.10 mg/ml. Both modulus (Eʹ) and
(Eʺ) obey the power-laws at ω below characteristic relaxation, which are marked in blue-dash
and red-dash lines respectively
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Figure 4.5. ω-dependent phase angle δ(ω) at different SWCNT bulk concentrations (mg/ml in
unit)

Table 4-1. “Power-law” exponent n extracted from Eʹ(ω), Eʺ(ω) and δ as a function of CSWCNT
CSWCNT (mg/ml)

n from Eʹ

n from Eʺ

n from δ

0.02

0.24 ± 0.01

0.27 ± 0.05

0.25

0.04

0.32 ± 0.02

0.35 ± 0.02

0.34

0.06

0.38 ± 0.02

0.37 ± 0.03

0.40

0.08

0.47 ± 0.03

0.45 ± 0.02

0.50

0.10

0.56 ± 0.06

0.58 ± 0.04

0.50

For the co-assembled interfacial films studied here, the nature of the interactions and
morphology are unclear, and ascribing their behavior to critical gel or soft glass remains
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speculative. Nonetheless, For the power law region of Figure 4.5, n rises from ~0.25 to ~ 0.5.
The lower ω trends of Figure 4.5 suggest that they are followed at still lower ω by fluid or solid
terminal behavior.
A systematic shift of the relaxation peak to lower ω was observed as CSWCNT rises, and the
tensiometry data for the same systems given in Figure 4.6(a) demonstrate that γo drifts
downward as well, apparently reaching a CSWCNT-independent plateau of ~6-8 mN/m at
CSWCNT~0.08 mg/ml. This plateau establishes a saturation of accumulated mass in the interfacial
film, and when considered alongside the previously published trends of γo with aqueous phase
pH, the mutual electrostatic repulsions among the adhered SWCNTs is a likely explanation. At
low CSWCNT, a depletion of SWCNTs from the bulk aqueous phase can occur during their
segregation to the interface; for fluorescently labeled SWCNTs, this depletion is clear from
confocal imaging.
4.3.3 Origin of the Relaxation Observed in the Oscillatory Experiments
As noted in the Introduction, relaxation processes at liquid/liquid interfaces fall into two
categories, structural and transport (adsorption/desorption or attachment/detachment), and both
can depend on the level and type of interfacial stress (shear, dilatation). Here, the polymer and
nanomaterial components co-assembled at the interface could add to the time- or frequencydependent nonequilibrium interfacial stress through either joint or separate contributions,
depending on the nature of their intermolecular interaction. For example, if PS-NH2 adsorbs
quickly and reversibly while SWCNTs attach irreversibly, the PS-NH2 contribution will decay
quickly and the SWCNT contribution might not decay at all. Irreversibility of SWCNT
attachment could arise in tandem with reversible PS-NH2 adsorption if all PS-NH2-SWCNT
contacts have to be broken simultaneously for a SWCNT to detach from the interface; even for a
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small contact energy, with the large number of potential contact sites per SWCNT, the
probability for detachment is small. Likewise, if the adsorbed SWCNTs form a two-dimensional
network within the interfacial film, the network rearrangements necessary to relax interfacial
stress might be exceedingly slow. Obscuring the physical interpretation of film rheology is a
poor knowledge of film morphology. In general, even the equilibrium morphology of a film at a
liquid/liquid interface is hard to characterize in situ by standard methods of scattering or
microscopy.
For a diffusion-controlled adsorption or desorption, where the timescale for materials to
adsorb to or desorb from interface is much shorter than the time to diffuse to/from the interface,
then the characteristic time scale is governed by the diffusion. This, for example, would be the
case for nanoparticles, where the energy holding the particles at the interface are small. For
SWCNTs, while the diffusion of the SWCNTs will be slower than for nanoparticles, the
mechanism of adsorption and desorption are much different. The anisotropic shape of the
SWCNTs promotes an adsorption of the SWCNTs with their axes parallel to the interface. This
yields the maximum amount of interfacial energy reduction per SWCNT. However, as time
progresses and the areal density of SWCNTs increases, not only does adsorption occur but a
significant rearrangement of the SWCNTs at the interface must occur to achieve a minimum in
the interfacial energy. Of course, as the areal density increases, achieving full contact of the
SWCNT with the interface may not be possible and only portions of the SWCNTs will be in
contact with the interface. This gives rise to the “bird’s nest” type of structure observed by
electron microscopy. While nanoparticles also require a re-arrangement at the interface as the
nanoparticle areal density increases, the constraints on the rearrangements are far less severe and,
in fact, nanoparticles form a monolayer at the interface. Desorption, on the other hand, is also
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more complex for SWCNTs. Unlike nanoparticles where freeing one contact of the nanoparticle
at the interface will allow desorption, with SWCNTs, every contact point must be broken to
enable desorption. Consequently, the desorption process for SWCNTs, is, more than likely, the
rate limiting step in the relaxation, occurring more slowly than the re-arrangements of the
SWCNTs during adsorption and much more slowly than the diffusion of the SWCNTs to the
interface.
To evaluate the timescale for SWCNT attachment, γ(t) was collected as a function of
CSWCNT for an initially SWCNT-free water/toluene interface, with results shown in Figure 4.6; in
the toluene, CPS-NH2 was 0.2 mg/ml. After an initial decrease too fast to be captured in the data,
γ(t) can be satisfactorily fit to a single exponential time decay, with the fitted decay constant τ
varying from 610 s at 0.005 mg/ml to 260 s at 0.08 mg/ml. The immediate drop is consistent
with rapid equilibration of the bare interface with PS-NH2. Given the large difference in PS-NH2
and SWCNT sizes (mobilities), as well as the dependence of τ on CSWCNT, it is reasonable to
attribute the slow γ(t) decay to diffusion-controlled attachment of SWCNTs to the interface. The
timescale for this process lies well outside the time/frequency range probed in the dynamics
experiment. The starting interface for this test was clearly not the same as the SWCNTequilibrated interfaces of the oscillatory experiments, but timescales of diffusion-controlled (in
bulk) SWCNT attachment should not be too dissimilar, and most importantly, τ is orders-ofmagnitude too large to correspond to the relaxation process producing the Eʺ(ω) peaks of
Figures 4.4.

80

Figure 4.6. (a) Time-dependent γ of SWCNT adsorption to water/toluene interfaces as a function
of CSWCNT (mg/ml) (CPS-NH2=0.2 mg/ml in toluene, pH=3.0) (b) characteristic timescale τads of
SWCNT adsorption to the interface extracting from a single exponential decay fitting

Likewise, to determine the timescale for PS-NH2 desorption, possibly different than for
PS-NH2 adsorption, γ(t) was collected after abrupt replacement of the PS-NH2-containing toluene
phase (CPS-NH2 =0.2 mg/ml) with pure toluene (illustrate in Figure 4.7 inset); CSWCNT was 0.02
mg/ml, and the recovery in γ(t) is plotted in Figure 4.7. Complete desorption was not achieved in
5000 s, but γ(t) mostly recovers over 3000-5000 s, which once again, is much too long to
associate with the Eʺ(ω) peak. The underlying dynamics could be complicated, but it would
seem that PS-NH2 cannot fully desorb until SWCNTs are detached.
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Figure 4.7. Dynamic γ recovery of a pre-equilibrated SWCNT adsorption after the PS-NH2 bulk
phase exchanged with pristine toluene (CSWCNT=0.02 mg/ml, CPS-NH2=0.2 mg/ml, Mn of PS-NH2
~2,800 g/mol, pH=3.0) (Inset: apparatus of PS-NH2 desorption by bulk phase exchange)

When the volume of an equilibrated drop is reduced significantly by abrupt withdrawal of
interior fluid, i.e., when the interface is subjected to a large amplitude dilatational compression
(ΔA/A0 > 50%), the surface wrinkles, and in extreme cases, even crumples if the strain is large
enough. Wrinkling recovery after a finite compression is visualized through the image series of
the inset to Figure 4.8. The deduced recovery time, ~1300 s, is consistent with the preceding
estimates for timescales of detachment/desorption of one, or both, of the co-assembled
components. With γ after recovery essentially the same as before compression, ~11 mN/m, the
excess film mass per area induced by compression was desorbed/detached and fully transported
to bulk.
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Figure 4.8. Time-resolved images of wrinkle recovery after a finite, large amplitude dilatational
compression

Given that adsorption/desorption (alternately, attachment/detachment) does not seem to
be the origin of the ~0.1-0.2 Hz relaxation, the second possibility, structural rearrangement
within the film itself, was explored by replacing SWCNTs with 5 nm-diameter carboxylic acidfunctionalized gold nanoparticles (Au NPs) and TiO2 nanorods (TiO2 NRs, 20 nm in length with
carboxylic acid functionalization). The replacements potentially reveal whether the relaxation
dominantly reflects processes intrinsic to polymer (PS-NH2) or nanomaterial (SWCNT). Films
made from Au NPs, TiO2 NRs and SWCNTs with PS-NH2 at the same conditions have similar
appearances, but from the geometrical perspective. Au NPs little resemble SWCNTs in shape or
size, whereas short TiO2 NRs lack the possibility of entanglement, and so, they will contribute to
film rheology differently. Figure 4.9 demonstrates that Au NP- and TiO2 NRs-containing films
display viscoelastic behaviors close to those of SWCNT-containing films, and significantly, that
Au NP-containing films display an Eʺ(ω) maximum at ~0.2 Hz and TiO2 NRs-containing films
at ~0.3 Hz, the nominal location of the Eʺ(ω) maximum for SWCNT-containing films. The peak
can thus be ascribed to PS-NH2.
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Figure 4.9. ω-dependent Eʹ and Eʺ of Au NPs/PS-NH2 (5nm, multiple-carboxylated) and TiO2
NRs/PS-NH2 (20 nm in length, multiple-carboxylated) co-assembled films at the toluene/water
interfaces (CPS-NH2=0.2 mg/ml, PS-NH2 Mn~2,800 g/mol, pH=3.0, CAu and CTiO2 are 0.04 mg/ml)

Figure 4.10 reinforces the attribution of the Eʺ(ω) peak to PS-NH2 by showing trends for
this peak as CPS-NH2 varies. To help interpret these trends, the figure’s inset provides the PS-NH2
surface excess ΓPS-NH2 as a function of CPS-NH2 measured by the Gibb’s absorption isotherm
method when SWCNTs are absent from the aqueous phase. Saturation of the interface at CPSNH2=0.08

mg/ml is evident, consistent with the weak surfactancy of PS-NH2. With CSWCNT set to

0.04 mg/ml and CPS-NH2 somewhat above the saturation threshold absence of SWCNTs, an Eʺ(ω)
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peak is noted; otherwise, below the CPS-NH2 threshold, no peak is noted. Further, the peak
position above PS-NH2 saturation is approximately independent of CPS-NH2.

Figure 4.10. ω-dependent Eʺ(ω) as a function of CPS-NH2 (mg/ml in unit) (CSWCNT=0.04 mg/ml,
pH=3.0) (Inset: PS-NH2 surface excess ΓPS-NH2 as a function of CPS-NH2 measured by the Gibb’s
absorption isotherm method with SWCNTs absent from the aqueous phase)

At 25ºC, the terminal or Rouse relaxation time for a hypothetical unentangled 2,800
g/mol PS melt is ~0.006 s, more than an order-of-magnitude too small to explain the Eʺ(ω) peak.
Neat PS at this molecular weight is below its glass transition temperature, but solvation by
toluene reduces this temperature and speeds up relaxation compared to the neat melt, and so the
presence of toluene cannot explain the downward ω shift. Association of PS-NH2 chain ends to
SWCNTs presents a more likely explanation, as overall PS-NH2 mobility is thereby reduced and
PS tails are compelled to pack between SWCNTs. By dielectric spectroscopy and dynamic
rheology, Kim et al. studied relaxation of polyisoprene tethered to nanoparticles, and at low
molecular weight, they discovered a striking upturn in the relaxation time ratio between tethered
and untethered chains15. The upturn’s magnitude reaches several orders-of-magnitude, more than
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sufficient to realize the shifted Eʺ(ω) peak position in the co-assembled film. Kim et al.
suggested this type of slowing for short chains was due to “tube-confinement by crowding”.
Accepting the crowding argument, denser tethered PS-NH2 should display slower
relaxations, downshifting the Eʺ(ω) peak position. Figure 4.11, displaying Eʺ(ω) for films
created at different pH, shows the predicted trend; as pH drops and more PS-NH2 segregates to
the interface, increased crowding of PS tails pushes the maximum of Eʺ(ω) to lower ω. Lesser
toluene in the denser film may further the downward trend. At pH 5.7 and above, where PS-NH2
and SWCNTs are only weakly associated, Eʺ(ω) for the co-assembled film is indistinguishable
from Eʺ(ω) for the pure PS-NH2-coated oil/water interface, and although not observed, a peak at
ω above the experimentally accessible range can be anticipated. Densification of PS-NH2 was
alternately achieved by abrupt contraction of drop surface area after equilibration at CPS-NH2
below saturation (equilibration at 0.05 mg/ml), as displayed in Figure 4.12. Upon the contraction,
Eʹ(ω) rises across the ω range above the Eʺ(ω) peak, but not below, and this peak is shifted
downward, more at larger contraction levels.

Figure 4.11. ω-dependent Eʺ(ω) as a function of SWCNT solution pH (CSWCNT=0.04 mg/ml, CPSNH2=0.2 mg/ml, Mn of PS-NH2 ~2,800 g/mol, pH=3.0)
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Figure 4.12. ω-dependent Eʹ(ω) and Eʺ(ω) of SWCNT/PS-NH2 co-assembled films with
different surface areal density at CPS-NH2 below saturation (0.05 mg/ml) (CSWCNT=0.04 mg/ml).
Different areal density were achieved by abrupt areal contraction after equilibration.

4.3.4 Slow Relaxation: Stress Relaxation after Step Strain
Slow interfacial relaxations, those at timescales too long to be probed in oscillatory
experiment and extending into the terminal relaxation regime, are readily accessed in a stress
relaxation after step strain experiment. Figure 4.13 displays E(t) after sudden infinitesimal
dilation of a drop equilibrated at CSWCNT=0.08 mg/ml and CPS-NH2=0.2 mg/ml. The initial E(t)
value, ~50 mN/m, corresponds well to the high frequency plateau of Eʹ(ω) determined in the
equivalent dynamics experiment (see Figure 4.3), suggesting that the fast PS-NH2 structural
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relaxation is again captured, followed by a much slower relaxation below the frequency range
spanned in the dynamics experiment. A double-mode exponential decay fits the curve well, with
a characteristic nominal fast relaxation of ~15 s and a characteristic nominal slow relaxation of
~600 s. The former is consistent with PS-NH2 structural relaxation, while the latter falls into the
range of the longer adsorption/desorption (attachment/detachment) time outlined earlier. The fast
relaxation time extracted from E(t) curves grows from ~7 s to ~15 s as CSWCNT increases from
0.02 mg/ml to 0.08 mg/ml (Figure 4.14), matching the downward shift in ω for the Eʺ(ω) peak
created by the PS-NH2 relaxation. That the long relaxation time does not exactly match the times
for adsorption/desorption (attachment/detachment) is not surprising, as the different experiments
will weigh the underlying relaxation time distribution differently, accounting for order unity
differences.

Figure 4.13. Modulus relaxation E(t) of co-assembled interfacial films after a small-amplitude
step strain (CSWCNT=0.08 mg/ml, CPS-NH2=0.2 mg/ml, Mn of PS-NH2~2,800 g/mol, pH=3.0)
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Figure 4.14. The fast relaxation time τ1 extracted from E(t) curves as a function of CSWCNT

4.3.5 Summary of Viscoelasticity and Implications
The dynamics of SWCNT/PS-NH2 composite interfacial films, summarized in Scheme
4.1., were quantified by oscillatory rheology and stress relaxation experiments. Two relaxations
are noted with one fast, dominant structural relaxation attributed to the retarded chain dynamics
of tethered polystyrene at timescale ~10 s and the other slow, minor transport relaxation between
bulk and interface at timescale around 10 to 20 mins. These two characteristic timescales divide
the entire rheological spectrum into three regimes. As timescale is shorter than 10 s, the
composite layer behaves like a solid layer; when longer than 20 mins, it is fluid-like. Over large
experimental time/frequency window, a fluid-to-solid transition state is observed with its nature,
either “critical-gel” or “soft glass”, depending upon the interactions between components. The
rigid SWCNTs incorporated inside the strongly anchored, viscoelastic PS layer enhance the
overall stiff of the composite films at liquid/liquid interfaces.
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Scheme 4.1. Dynamics and viscoelasticity of SWCNT/PS-NH2 composite films at toluene/water
interfaces

The understanding of the interfacial rheology of this composite layer reveals more farreaching implications, based upon which the viscoelasticity can be manipulated easily to meet
the demands of poentential applications, like membrane fabrication or liquid stablization. One
can achieve rheological modification effectively by varying liquid phases, polymer chemistry
and nanomaterials. On typical manner centers on the polymer species introduced in oil phase.
Here, the diblock copolymer, PS-b-P2VP, with pyridine units carrying multiple positive charges
when quarternized, were employed to replace monofunctional PS-NH2. Figure 4.15 shows the
oscillatory rheological properties of SWCNT/PS-b-P2VP composite layer at liquid interfaces. E’
is almost twice higher than that of SWCNT/PS-NH2 layer with only weak ω-dependence within
experimental timescale. The E” maxium is absent within entire freqeuncy range investigated.
Both features suggest a more solid-like composite film with larger mechanical strength. Any
relaxation behavior links to either the segmental or the global motion of polymer chains. It is
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more likely that the “crosslinking” role played by this multi-charged P2VP block impedes the
global and segmental motion of polymer chains.

Figure 4.15. ω-dependent of Eʹ(ω) and Eʺ(ω) of SWCNT/PS-b-P2VP co-assembled composite
films (CSWCNT=0.04 mg/ml, CPS-b-P2VP=0.2 mg/ml, pH=3.0)

Alongside with polymer species, varying molecular weight (Mn) of PS-NH2 proves to be
another effective way to modulate the relaxation of SWCNT interfacial composite thin-films.
Figure 4.16 shows the Eʺ maximum as a function of PS-NH2 Mn with timescale summarized in
Table 4.2. As Mn increases from 1,800 g/mol to ~5,000 g/mol, the primary energy dissipation
maximum shifts towards lower frequency, with PS relaxation timescale slowing significantly
from 5 s down to 50 s. Obviously, as chain ends anchor on SWCNTs, it is much more difficult
for PS chain of higher molecular weight to relax in a highly crowded environment, the main
cause of a slower chain relaxation dynamics.
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Figure 4.16. ω-dependent Eʺ(ω) of SWCNT/PS-NH2 co-assembled films as a function of PSNH2 Mn (CSWCNT=0.04 mg/ml, CPS-NH2=0.2 mg/ml, pH=3.0)

Table 4-2. Structural relaxation timescale (τ) as a function of PS-NH2 Mn (CSWCNT=0.04 mg/ml,
CPS-NH2=0.2 mg/ml, pH=3.0)
Mn (g/mol)

τ (s)

1,800

5

2,500

12

3,100

30

3,700

30

4,900

50
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4.4 Conclusions
The dynamics of previously reported PS-NH2-SWCNT composite interfacial films were
characterized by dilatational pendant drop rheometry, with two discrete relaxations identified
along with an intermediate span of frequency/time following power-law relaxation behavior.
The fast relaxation was pinpointed to confinement-mediated Rouse-like chain dynamics of endattached PS-NH2 whereas the slow relaxation was associated with adsorption/desorption
(attachment/detachment), a process that couples the dynamics of PS-NH2 and SWCNTs. The
reversibility of adsorption/desorption over the long relaxation timescale ultimately endows the
films with fluid-like terminal behavior, although viscoelasticity is dominant across short
timescales, those from seconds to tens of minutes. The dynamics uncovered here carry over to
other composite interfacial films made similarly, i.e., by the electrostatic coupling at the
oil/water interface of oil-soluble monovalent hydrophobic polymeric amine with water-soluble
multi-carboxylated hydrophilic nanomaterial, and in particular, this interfacial coupling appears
to create fluid-like interfacial films in all cases. A different outcome is expected for electrostatic
coupling of multi-valent polymeric amine with multivalent nanomaterial, as in this case, the
interfacial films can be physically crosslinked. Although the described interfacial co-assembly
strategy is simple and highly flexible in regard to materials employed, the product film
morphologies remain poorly characterized, with the interfacial rheometry approach providing the
best insights to date. Scattering and microscopy evaluations to complement the rheometry
findings will help advance film applications, likely to rely on the arrangement of components
within the film.
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CHAPTER 5
SIZE-DEPENDENT INTERFACIAL RHEOLOGY OF GOLD NANOPARTICLES
ASSEMBLY AT OIL/WATER INTERFACES
5.1 Introduction and Background
Nanoparticle assembly at the interfaces between two immiscible liquid phases, forming
an adsorbed monolayer, has been explored recently as a novel platform for the stabilization of
emulsions and forms, for fabricating nanoporous membranes and the development of phasetransfer catalyst and microcapsules. The outcome of those applications heavily relies on the
rheology of the assembled layer (film) at liquid interfaces, a property can be markedly influenced
by the size of nanoparticles. Thus, understanding the correlation of the assembly as well as the
associated rheology to the nanoparticle size is of both scientific and practical interests.
For nanoparticles with proper surface functionalization, the driving force of a
spontaneous segregation is the reduction of interfacial energy caused by a layer of nanoparticles
acting as a barrier at the interface. Two parameters that weigh most are the particle radius (size)
R and the contact angle θ. More importantly, the stability of particles at the interfaces shows a
strongly size dependence due to the quadratic relation, i.e., larger particles are more stably held
than smaller ones at liquid/liquid interfaces. This prediction was corroborated by Lin et al. using
nanoparticle exchange experiment conducted under fluorescence confocal microscopy1.
However, unlike colloidal particles, the energy reduction for nanoparticles is small and
comparable to that of thermal energy kBT, resulting in a constant particle exchange with bulk
phase, i.e., adsorption and desorption, with its kinetics strongly dependent upon nanoparticle size.
In essence, the assemblies are dynamic and the packing of nanoparticles at the interface is fluid96

like in nature. For charged nanoparticles, the strong inter-particle repulsion further attenuates
their tendency to assemble at the interfaces. To overcome the weak force holding nanoparticles
at the interfaces, “nanoparticle-surfactants”, can be utilized with nanoparticles dispersed in the
aqueous phase and a hydrophobic surfactant introduced in the oil phase. By this means, the sizedependence of the assembly and rheological properties would differ from a self-assembled one.
Though the influence of the physical parameters, for instance, solute concentration, pH etc., on
the rheology of nanoparticles-surfactant layer were fairly studied13, the size effect remains
unexplored. In this chapter, the size-dependent assembly and rheological properties of the
nanoparticles-surfactant layer, formed by electrostatic interactions between citrate functionalized
gold (Au) nanoparticles (from 2 nm to 15 nm in size) in aqueous phase and the amine-terminated
polystyrene (PS-NH2) dissolved in toluene e, are studied by pendant drop tensiometry/rheometry,
with the oscillatory dilatation and stress relaxation performed. A distinct size region of ~5-10 nm
that marks the transition of viscoelasticity from solid-like and fluid-like was observed. The
wrinkle recovery, tuning salt concentration and emulsification were also conducted to support a
proposed argument.
Interfacial dilatational rheology, closely related to the stability and lateral interactions of
the nanoparticles-surfactant layer, probes the mechanical properties of films or layers at
liquid/liquid and air/liquid interfaces with protocols similar to those of bulk rheology, i.e., under
oscillation, step strain, etc. In particular, a fluid-fluid interface is driven out of equilibrium by an
areal expansion or contraction, creating interfacial strain, based upon which interfacial stress, i.e.
interfacial tension variation, is obtained for the determination of its modulus and relaxation.
Under small oscillatory deformation that falls within the linear viscoelastic regime, a frequencydependent (ω-dependent) complex modulus E*(ω) is used to describe the entire rheological
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behavior, with one real (storage) and the other imaginary (loss) components, Eʹ(ω) and Eʺ(ω),
respectively, from which the phase angle δ is determined. Indeed, E*(ω) is calculated through
the interfacial tension γ change against the surface area A variation.
On the other hand, interfacial stress relaxation are complementary, yet more conclusive
than the oscillatory counterpart to determine whether an interfacial layer is fundamentally fluidlike or solid-like for it enables the terminal region to be approached. The presence of a zerofrequency modulus E∞, defined as modulus at large t, unequivocally indicates a solid-like nature.
The origins can either be the irreversible adsorption of surfactants that makes them behave as
insoluble interfacial layer or the network formation capable of supporting interfacial stress.
Experimentally, in a pendant drop tensiometry, an infinitesimal areal expansion or contraction at
t=0 puts the interface under steady strain, with the time-resolved γ(t) recorded.
𝐸(𝑡) =

|𝛾(𝑡) − 𝛾0 |
∆𝐴/𝐴0

where E(t) is the dilatational relaxation modulus. The timescale that can be probed by stress
relaxation is an order-of-magnitude slower than that of the oscillatory experiments. Given the
comparability, the compositions of Au nanoparticles-surfactant layer and the physical conditions
of two surrounding bulk phases remain essentially constant in both the oscillatory and stress
relaxation experiments.
Emulsification, along with the subsequent coalescence and phase-transfer, provides clues
of the amphiphilicity of PS-NH2-grafted Au nanoparticles of different sizes, as well as their
capabilities to stabilize liquid phases. Particle size can affect the number of hydrophobic ligands
allowed to anchor onto particle surfaces whereby the wettability is determined. The emulsions
stabilized by the nanoparticles with sufficient ligand attachments can be unstable as result of the
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neutralization of all the surface charge groups that makes them too hydrophobic. A phase
transfer of nanoparticles from water to oil phase can occur. While for nanoparticles only partially
covered by PS-NH2 with some residual charges left, the much more stable emulsions and
interfaces might be incurred.
5.2 Experimental Section
5.2.1 Materials
The aqueous solutions of citric acid/citrate functionalized gold nanoparticles of five
different labeled sizes, i.e. 2 nm, 3 nm, 5 nm, 10 nm and 15 nm were purchased from Nanocs Inc.
(cat no. GP01-2, GP01-3, GP01-5, GP01-10 and GP01-15) and used as received. All
nanoparticles are dispersed in 2 mM citrate buffer solutions with mass concentration be 0.1
mg/ml. Monoamine-terminated polystyrene (PS-NH2) sample was purchased from Polymer
Source Inc. and used as received. (Mn=2,800 g/mol, Mw/Mn=1.3, cat. no. P5147-SNH2).
5.2.2 Assembly Probed by Pendant Drop Tensiometry
The concentration-dependent assemblies of Au nanoparticles of five different sizes (2 nm,
3 nm, 5 nm, 10 nm and 15 nm) associated with PS-NH2 in toluene (0.2 mg/ml) were assessed by
pendant drop tensiometry, with concentrations span from 0.005 mg/ml to 0.10 mg/ml and pH set
be 3.0. The tensiometer (Dataphysics, OCA20) provided the time evolution of interfacial tension
γ by fitting a droplet’s axisymmetric profile to the Young-Laplace equation. The concentrations
at which the interface reaches saturation, i.e. the equilibrated γ is independent of concentration,
were obtained as the concentrations for all following experiments.
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5.2.3 Interfacial Dilatational Rheology
The interfacial dilatational rheology follows the similar procedure as described in our
previous publication. Briefly, the pendant drop tensiometry coupled to an oscillation drop
generator (Dataphysics, ODG 20) was exploited to produce surface area variation over broad
ranges of ΔA and ω. In oscillatory experiments, a fresh water drop containing gold nanoparticles
of different sizes and concentrations was created inside a toluene solution with PS-NH2 dissolved,
and before testing, interfacial assembly was allowed to reach steady-state. The concentrations
were 0.03 mg/ml for 2 nm, 3 nm, 5 nm nanoparticles and 0.09 mg/ml for 10 nm and 15 nm
nanoparticles, determined from the assembly experiments ensuring a compact, homogeneous
layer of nanoparticles-surfactant. Shape analysis of video records collected at different ω
provided oscillated γ, which in conjunction with A/A0, allowed the calculation of E*. With the
linear viscoelastic regime verified to past 8% strain, the amplitude, i.e., surface area variation,
was set to be 3.5% to ensure an adequate signal-to-noise while ω was adjusted from 0.003 to 2
Hz, the practical upper and lower limits to tensiometer operation. Stress relaxation experiments,
with ΔA/A0 also set to be 3.5% to be consistent with the oscillatory experiments, were performed
utilizing the capability of the tensiometer to impose a step areal strain.
5.2.4 Emulsification
Stabilized emulsions were generated by agitating vigorously the two-phase mixture of
aqueous solutions of Au nanoparticles of different sizes (2 nm, 5 nm, 10 nm and 15 nm) and the
toluene solution of PS-NH2 (0.2 mg/ml), with volumetric ratio of water to oil set to be 4:6. The
pH of the aqueous phase was adjusted to 3.0 to maximize interfacial segregation. After
emulsification, all vials housed emulsion droplets were placed on bench allowing the possible
coalescence and the phase-transfer to develop.
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5.3 Results and Discussions
Au nanoparticles of five different sizes were characterized by transmission electron
microscopy (TEM) and dynamic light scattering (DLS) to verify the size and surface charge. The
ζ-potential of Au nanoparticles in all sizes, ~-40 mV at neutral pH, confirms the carboxyl
functionalized surfaces with rough the same charge density, though the exact structure of citrate
groups on nanoparticle surface is not accessible. In size measurements, unfortunately, DLS is
unable to provide accurate result for sub-10 nm gold nanoparticles for the Debye length of a 2
mM citrate solution is ~7 nm, comparable to size of nanoparticle. Instead, TEM micrographs,
presented in Figure 5.1, were utilized to estimate size distributions, with over 300 nanoparticles
statistically selected and counted. The sizes measured by TEM images turn out to be 2.4±1 nm
(labeled 2 nm), 3.6±2 nm (labeled 3 nm), 5.2±1 nm (labeled 5 nm), 10.5±2 nm (labeled 10 nm)
and 15.0±2 nm (labeled 15 nm). The actual sizes are consistent with the labeled values given by
the vendor, though a moderate distribution was found for all nanoparticles. The abnormally large
nanoparticles occurred in the 3 nm sample, shown in Figure 5.1(b), are actually caused by
electron beam damage during observation.
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Figure 5.1. TEM micrographs of Au nanoparticles of five different sizes (a) 2 nm (b) 3 nm (c) 5
nm (d) 10 nm (e) 15 nm

5.3.1 Nanoparticle Interfacial Assembly
At pH=3, as the ζ-potential reduces to -25 mV to -30 mV for all sizes, the repulsions
between charged Au nanoparticles at the interfaces are largely attenuated, a condition that
promotes strong segregation and stable assemblies, as reflected by the marked reduction in γ.
Figure 5.2 shows the equilibrium γe against nanoparticle concentration (CAu-NPs) at different sizes.
Similar to small molecular surfactant, the equilibrium γe decreases as the chemical potential of
bulk phase is raised by increasing CAu-NPs and then plateaus at higher CAu-NPs where the interface
saturates. A CMC-like concentration, i.e. above which the γe is CAu-NPs-independent, is noted and
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increases slightly with nanoparticle size. The γe at saturated state for the nanoparticles less than 5
nm is as low as 5 mN/m, even lower than small surfactants, suggesting an outstanding interfacial
activity of the Au nanoparticles-surfactant. With increasing particle size, particularly larger than
10 nm, γe increases substantially to ~17 mN/m, which is not much lower than that of pure PSNH2 adsorbed at the interface (~22 mN/m). Smaller nanoparticle, when associated with PS-NH2
and saturates the interface, turns out to be more effective in reducing interfacial energy and
stabilizing liquid interfaces, a result dissimilar to an spontaneous nanoparticle assembly where
larger nanoparticles are more effective. Given that the enhanced adsorption of PS-NH2 in the
presence of Au nanoparticle segregation largely contributes to the γ reduction, therefore, the
larger specific surface area created by making nanoparticles smaller enables the Au assembly to
accommodate more PS-NH2 anchoring, mediating oil/water interaction more effectively. The
smaller interstitial region created by the assembly of smaller nanoparticles, on the other hand,
further reduces the direct exposure of water to the toluene phase. Thus, the higher PS-NH2
adsorption and less direct phase contact using smaller nanoparticles might give rise to more
remarkable γ reduction.

Figure 5.2. Equilibrium interfacial tension (γe) as a function of Au bulk concentration (CAu-NPs) at
different nanoparticle sizes
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As size decreases down to less than 5 nm, this size effect is alleviated. The ligands
become comparable to that of nanoparticles. The size of PS chain was assessed by calculating the
surface excess concentration Γe of PS-NH2 at saturation using the Gibbs isotherm, as shown in
Figure 5.3. The saturation concentration of PS-NH2 at the liquid is 5.7×10-7 mol/m2, by which
the size of a single PS-NH2 chain is computed to be ~2 nm assuming no overlapping. Therefore,
the steric hindrance, mitigated by large curvature of smaller nanoparticle at low anchoring
density, begins to dominate, impeding and set a limit to PS chain adsorption.

Figure 5.3. Surface excess Γe of PS-NH2 dependent upon PS-NH2 bulk concentration

5.3.2 Size Dependent Rheology: Oscillatory Experiments
Like the assembly thermodynamic, the size impact on the rheological properties of
nanoparticles-surfactant layer can be quite dissimilar to that of a spontaneous Au nanoparticles
assembly, as presented by Figure 5.4 showing the ω-dependent Eʹ(ω) and Eʺ(ω) of Au
nanoparticles-surfactant layer with different sizes at toluene/water interface. The assemblies take
place at CPS-NH2=0.2 mg/ml, pH=3.0, CAu-NPs =0.03 mg/ml for sub-10 nm Au nanoparticles and
CAu-NPs=0.09 mg/ml for 10 nm, 15 nm nanoparticles, conditions that enable a robust and saturated
104

layer based upon the results in Figure 5.1. For all sub-10 nm nanoparticles, i.e. 2 nm, 3 nm, 5 nm,
at the largest ω probed, ~1 Hz, Eʹ(ω) trend towards a ω-independent plateau, with all the
magnitude 7 times greater than a controlled PS-NH2 layer (~10 mN/m), a remarkable
improvement in stiffness. This enhancement attenuates as nanoparticle size increases to 10 nm
and 15 nm (shown in Figure 5.4(d) and (e)). The origin of this enhancement might result from
the rigidity of a denser polystyrene unable to relax at short timescales, and/or increased PS-NH2
adsorption at the interface when nanoparticles are available for electrostatic binding. This
enhanced binding of PS-NH2 occurs more significantly for smaller nanoparticles, consistent with
the size-dependent assembly results discussed in the preceding section. For Eʹ(ω) at low ω, a
distinctive “plateau modulus”, valued at ~25 to 30 mN/m, is noted for sub-10 nm nanoparticles, a
feature absent in 10 nm and 15 nm nanoparticles-surfactant layer and replaced by “power-law”
behavior. The plateau modulus might give rise to the enhanced stability of emulsions made by
the nanoparticles of such size, yet whether the interface is fundamentally solid-like or fluid-like
should be determined combined with the terminal behavior probed by stress modulus relaxation
discussed in the next section. For Eʺ(ω), a marked energy dissipation maximum, coincident with
an upturn in Eʹ(ω) at 0.03 Hz, is observed for nanoparticles size less than 10nm. The feature
implies a single relaxation with characteristic timescale at ~30 s. For nanoparticles larger than 10
nm, say 15 nm, the rheological behavior regresses to that of pure PS-NH2 layer, with the missing
relaxation process and stiffness enhancement.
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Figure 5.4. ω-dependent Eʹ(ω) and Eʺ(ω) of Au nanoparticles-surfactant layer of different
nanoparticle sizes (a) 2 nm (b) 3 nm (c) 5 nm (d) 10 nm and (e) 15 nm (CAu-NP=0.03 mg/ml for 2
nm, 3 nm and 5 nm Au nanoparticles, CAu-NP=0.09 mg/ml for 10 nm and 15 nm Au nanoparticles,
CPS-NH2=0.2 mg/ml, PS-NH2 Mn=2,800 g/mol, pH=3.1)

The relaxation behavior, compared to the SWCNT/PS-NH2 co-assembled films made
under similar conditions and studied in our previous publication, is quite similar. As argued in
that case, it can result from the tethering and crowding of multiple PS chains on Au surfaces
whereby the PS-NH2 mobility is suppressed. PS chains are compelled to pack between Au
nanoparticles. This retardation can take place much more significantly as nanoparticle size
decreases to 5 nm at which it is comparable to that of polymer chain (2 nm). Like a “soft
nanoparticles”, where ligand and particle size are comparative, the ligand-mediated interaction
can be dominate2. The enhanced polymer anchoring, promoted by the large curvature, and the
surface area created further the crowding and confinement, leading to much slower relaxation
(~30 s). As for 15 nm nanoparticle where the size is much larger than that of PS chain, both
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effects significant in small nanoparticle (i.e., curvature and extra surface area) dwindle, with its
lateral interactions return to “hard sphere”-like. The chains adsorbed on such larger nanoparticles
are similar to that at the toluene/water interfaces so that the chain dynamic behaves
indistinguishable from a pure PS-NH2 layer.
5.3.3 Size Dependent Modulus Relaxation
To address that whether the nanoparticles-surfactant layer at toluene/water interface is
essentially solid-like or fluid-like at different sizes, a question crucial to the stability of
emulsions, the modulus relaxation against time, E(t), is employed to study the timescale too long
to be probed by in oscillatory experiment, with t recorded up to ~3000 s. Figure 5.5 displays E(t)
after sudden infinitesimal compression (ΔA/A0=3.5%) of a drop equilibrated at CPS-NH2=0.2
mg/ml, CAu-NPs=0.03 mg/ml (for 2 nm, 3 nm and 5 nm nanoparticles) and CAu-NPs =0.09 mg/ml
(for 10nm, 15 nm nanoparticles). The initial modulus at t=0 s for nanoparticles of all sizes are
consistent with the high ω of Eʹ(ω) determined in oscillatory experiments (Figure 5.4). The
initial rapid decay captures the fast, PS chain structural relaxation. For 2 nm and 3 nm
nanoparticles-surfactant layer, the modulus relaxation is followed by a finite E∞ (~25 to 30
mN/m) unchanged up to 3000 s, the magnitude of which is consistent the Eʹ at low ω measured
in oscillatory experiments. The presence of E∞ at such large t establishes a solid-like nature albeit
a true solid should be defined from an equilibrium modulus lasting for infinite timescale, a
condition not accessible by real experimental conditions.
The nanoparticles-surfactant layer comprised of 5 nm nanoparticles is found to be fluidlike at large t with a “plateau modulus” character at intermediate timescale, corresponding well
to the one observed at low ω in oscillatory experiments. The slow relaxation is likely ascribed to
the desorption (detachment) of PS ligands from interface and the resulting nanoparticle
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desorption. As size increases to 10 nm, the transient “plateau modulus” is replaced by a powerlaw E(t)~t-n and it reveals the fluid-like nature eventually at t~2000 s, with the exponent of decay
agreeing well with the power laws obeyed by Eʹ(ω) and Eʺ(ω). The 15 nm nanoparticles layer,
however, shows no sign of short-time relaxation with E(t) decaying to near zero very rapidly, a
total fluid-like behavior not so dissimilar to a PS-NH2 layer at toluene/water interfaces. Overall,
the viscoelasticity of nanoparticles-surfactant layer undergoes a gradual transition from a solidlike to pure fluid-like as nanoparticle size increases, with 5 nm and 10 nm probably at the
rheologically intermediate stage.

Figure 5.5. Modulus relaxation E(t) of Au nanoparticle surfactant layer of different nanoparticle
sizes (a) 2 nm (b) 3 nm (c) 5 nm (d) 10 nm and (e) 15 nm (CAu-NP=0.03 mg/ml for 2 nm, 3 nm
and 5 nm Au nanoparticles, CAu-NP=0.09 mg/ml for 10 nm and 15 nm Au nanoparticles, CPS-NH2:
0.2 mg/ml, Mn of PS-NH2: 2,800 g/mol, pH=3.1)
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5.3.4 The Possible Origin of Solid-like Behavior for Small Size Nanoparticles
In contrast to the well-established thermodynamics described in the Introduction where
larger nanoparticle gives rise to more stable assemblies, a more stable Au nanoparticlessurfactant layer with higher mechanical strength with solid-like nature, favors the nanoparticle of
sizes less than 5 nm, particularly in comparable to that of the ligand.
The well-studied crystal-like ordering of charged, hydrophobic colloids observed both at
oil/water interface and in the bulk provides one explanation for the solid-like behavior in very
small nanoparticles-surfactant layer that imparts the interface enhanced mechanical strength3.
The finite E∞, indicative of a solid, requires a uniform, stress-conveying network developed
continuously throughout the whole material. As seen in a crosslinked gel, this is achieved by the
strands connecting polymer chains. In contrast, the long-range Columbic repulsions generated by
the low surface charge in low dielectric constant media (oil phase), regulates the particle
ordering and contributes to its modulus in a colloidal crystals.
For nanoparticle of sizes comparable to that of PS chain (2-5 nm), the steric effect created
by the anchored PS inhibits the complete neutralization of surface charge, making it similar to
the charged colloidal particles in contact with an oil phase. The inter-particle repulsions,
significantly generated through oil phase, might give rise to the finite E∞ that is able to support
stress. The interparticle distance, or packing density of the assembled layer, can be selfregulating until the point where the repulsion matches the particle/PS-NH2 attraction; i.e., larger
repulsion leads to the detachment of residing particles while smaller repulsion allows more to
adsorb on the region between adjacent particles.
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To illustrate the argument, the rheology of the surfactant layer of small particle sizes can
be phenomenologically modeled by the generalized linear viscoelastic model (Figure 5.6). Two
contributions can be identified, with one viscoelastic component attributed to PS structural
relaxation (k1, τ1) and the other elastic component ascribed to stress-conveyable network formed
by the repulsive interactions of surface residual charge (ke), similar to the soft, colloidal crystal.
Whereas in the layer consisting by nanoparticles of sizes much larger than PS chain, it would be
easier for surface charge to be neutralized entirely, attenuating the formation of elastic repulsive
network. Eventually, the detachment of PS-NH2 and the resulting nanoparticles desorption at
long t, transforms the surfactant layer from solid-like to fluid-like.

Figure 5.6. Generalized linear viscoelastic model used for describing the rheology of small
nanoparticles surfactant layer at toluene/water interface. k1, τ1 for viscoelastic anchored PS
dynamics and ke for elastic component by the nanoparticle repulsive network

If the repulsion induced by the surface residual charge indeed takes effect through oil
phase as discussed, the rheology should not be affected by varying the salt concentration in the
aqueous phase, as evidenced by the ω-dependent Eʹ(ω) and Eʺ(ω) of 3 nm Au nanoparticlessurfactant layer at Csalt =0.1 M (red) and the salt free case (Csalt ≪0.1 M) (blue) shown in Figure
5.7. The almost overlapping of Eʹ(ω) at two different Csalt suggests that the strength of the
uniform interparticle interactions, the cause of “plateau modulus” and finite E∞, is not affected
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by the change of Debye length. Though Eʺ(ω) shows a slight discrepancy, the characteristic ω of
PS chain relaxation remains unaltered.

Figure 5.7. ω-dependent Eʹ(ω) and Eʺ(ω) of 3 nm Au nanoparticle surfactant layer in salty (0.1
M, red) and salt free solution (blue) (CAu-NP=0.03 mg/ml, CPS-NH2=0.2 mg/ml, PS-NH2 Mn= 2,800
g/mol, pH=3.1, salt species: NaCl; Csalt=0.1 M)

5.3.5 Emulsification
The amphiphilicity of nanoparticles at the interface is determined by the interplay of PS
surface anchoring and the surface charge, the former makes it hydrophobic and the latter
maintains its hydrophilicity. The emulsification test here, shown in Figure 5.8, offers indirect
support of residual surface charge on the smaller nanoparticles. Stabilized water-in-oil emulsion
droplets with clear toluene supernatant were observed only in the cases where 2 and 5 nm
nanoparticles were used, with only small fraction of droplets coalescing after long time.
Moreover, after emulsions broke, the nanoparticles returned into the aqueous phase, as reflected
by the clear toluene phase and the color of the water phase underneath the emulsion layer. While
stable emulsions cannot be sustained when 10 nm and 15 nm nanoparticles were used. A rapid
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and near complete phase transfer of Au nanoparticles from the aqueous phase to the oil phase
occurs, evidenced by the marked color change both in two liquid phases. This efficient phase
transfer for the nanoparticles with size larger than 10 nm is quite opposite to the discovery made
by Cheng5 where only sub-10 nm nanoparticles can undergo such water-to-oil transfer. For larger
nanoparticles, the total neutralization and the higher PS density on particle surfaces make them
more hydrophobic, easier for the phase transfer. In contrast, the return of sub-10 nm
nanoparticles into the aqueous phase and the much more stable residence at the liquid/liquid
interfaces suggest a higher amphiphilicity that could arise from the residual surface charge.

Figure 5.8. Emulsification of toluene/water mixture using different size Au nanoparticles. (a) 2
nm (b) 5 nm (c) 10 nm and (d) 15 nm. Top layer: toluene with PS-NH2 (CPS-NH2=0.2 mg/ml);
bottom layer: Au nanoparticles aqueous solution (CAu-NP=0.03 mg/ml, pH=3.0)
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5.3.6 Wrinkling Recovery

Figure 5.9. Wrinkling recovery of (a) 3 nm, (b) 5 nm and (c) 15 nm of Au nanoparticle/PS-NH2laden interface of pre-compressed pendant drop. (CAu-NP=0.03 mg/ml, CPS-NH2=0.2 mg/ml, Mn of
PS-NH2: 2,800 g/mol, pH=3.1, Salt-free) (Note: only the compression images are shown in (c)
since no wrinkling was observed)
This size-dependent viscoelastic transition is further buttressed by a group of wrinkle
recovery experiments conducted on a compressed pendant drop. When the volume of an
equilibrated drop is subjected to a dilatational compression, visible wrinkles or even crumples
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may develop. Demonstrated by the time-resolved images shown in Figure 4, the wrinkling
recovery of 3 nm, 5 nm and 15 nm Au nanoparticles-laden interfaces display distinctive features
that manifest its own viscoelasticity. Wrinkles establish at the interface immediately even under
very small strain (i.e. tiny areal compression) for 3 nm and 5 nm nanoparticles-surfactant layer.
But what differs from each other is that the wavelength and number of wrinkles stay almost
unaltered up to 40 mins (~2400 s) in 3 nm nanoparticles-surfactant layer, explicitly indicating a
solid-like nature; while in 5 nm counterpart, wrinkle morphology diminishes slowly in first 20
mins followed by a substantial, rapid fading in late stage, suggesting fluid-like nature with
transient “solid-like” character at intermediate timescale. The failure of wrinkles development
even under rapid contraction suggests a pure fluid-like layer for 15 nm nanoparticles, which is
likely due to the easy detachments of nanoparticles or ligands.
5.4 Conclusions
The assembly and rheological/mechanical properties of Au nanoparticles-surfactant layer
by associating with PS-NH2 at toluene/water interfaces exhibit a strong size dependence, with a
distinctive size region of ~5-10 nm marking the transition from solid-like to pure liquid-like
behavior. The enhanced PS adsorption and the smaller interstitial area in sub-10 nm
nanoparticles-surfactant layer enable them to stabilize the liquid interfaces much more
effectively. A solid-like behavior, reflected by a finite E∞, is observed as the nanoparticle size
reduces down to that is comparable to PS chain, i.e., less than 5 nm. A uniform network
generated by the inter-particle electrostatic repulsions as result of surface residual charge is
possibly responsible for this elastic component. As the sizes grow larger than 10 nm, it becomes
pure fluid-like due to the neutralization of surface charge. In the transition region of 5-10 nm, a
transient “plateau modulus” or “power-law” at intermediate timescale is observed though
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surfactant layer is eventually fluid-like at large t. The relaxation, occurring only in cases of sub10 nm nanoparticles, is a consequence of the structural relaxation of PS-NH2 confined on highlycurved nanoparticle surfaces, similar to that of SWCNT/PS-NH2 co-assembled films discussed
previously. Those discoveries provide valuable guidance to the size selection of nanoparticles for
the purpose of phase stabilization and encapsulation.
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CHAPTER 6
CONCLUDING REMARKS AND FUTURE WORK
6.1 Summary
Motivated by the interest of making SWCNTs/polymer composite membrane based upon
the versatile platform of liquid interfaces, the research work presented by this thesis answered
the two important questions we asked in the beginning, i.e. (i) how to segregate SWCNTs at the
interface of two immiscible liquids and (ii) what are the mechanical properties of the assembled
layer? To achieve the first goal, we developed a straightforward and highly flexible strategy to
achieve efficient SWCNT segregation rather than directly functionalizing SWCNT surfaces with
complicated chemistry. In this technique, the acid mixture (H2SO4/HNO3) treatment was initially
applied to enhance the dispersion of the SWCNTs in the aqueous phase. This acid oxidation
process functionalizes SWCNT surfaces with numerous hydrophilic groups such as carboxylic
acid and alcohol groups. At the same time, it cuts long tubes into shorter ones with lengths
ranging from 50 to 300 nm while still preserves its structural integrity of each shortened tubes. In
the second step, by adding amine terminated low Mn polystyrene (PS-NH2) into toluene phase,
we exploited the strong “salt-bridge” interaction of the carboxylated SWCNTs in aqueous phase
with amine functionality to drive the strong segregation of SWCNTs at toluene/water interface.
We relied on the pendant drop tensiometry and emulsification technique to confirm the
formation of a stable, homogenous SWCNT segregation at the liquid interfaces. Influences of the
SWCNT and PS chemistries on interfacial activity were examined, and factors favoring saltbridge formation were always found conducive. By varying the physical conditions, we found a
unique γ sharp transition induced by the pH of SWCNT solution that can be used to tune the
interfacial assembly effectively. The transition point turns out to be the dissociation constant
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(pKa) of the carboxylic acid groups, an effective functionality for the SWCNT assembly. We
revealed that the segregation is strongly favored when the carboxyls are mostly undissociated at
which the electrostatic repulsion is far less severe. This pH sensitivity is encouraged by the
multivalent characteristic of the acid-treated SWCNTs. More interestingly, this rule can be easily
extended to other multivalent materials such as multiple carboxylated Au nanoparticles and poly
(acrylic acid), which makes it quite flexible in many interfacial applications.
Secondly, we quantitatively studied the rheological behavior of SWCNT/PS composite
films at liquid/liquid interfaces by oscillatory pendant drop rheometry, which has not been done
thoroughly before. We found that with the incorporation of SWCNTs, the mechanical strength of
is enhanced by a factor of five compared to the pure PS-NH2 films at liquid interfaces. The
structural and the transport relaxations were identified, and at frequencies intermediate to the two,
both moduli obey power laws and the phase angle δ is ω-independent over one to two decades in
frequency. The retardation caused by the surface tethering of PS contributes to the structural
relaxation. We systematically investigated the impact of the pH, CPS-NH2 and interfacial density
on the structural relaxation timescale as well the magnitude of energy dissipation. Relying on
these findings, we showed two examples of tuning the rheology of the composite layer, one by
varying polymer species and the other by choosing polymers of different molecular weights.
These quantitative studies inspire valuable insights for tailoring the mechanical properties of
nanomaterials/polymer composite interfacial layer or nanosurfactant-stabilized interfaces and
emulsions.
Based on the knowledge of rod-like nanomaterials behavior at the liquid/liquid interfaces,
we are also interested in extending our footstep into the one with different geometry in the
library of nanomaterials. One motivation alongside with our interest is the size effect on the
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assembly and rheology of nanoparticle surfactants since the “Pickering emulsions”, generated by
particle assembly, gain much attention in many applications. The understanding of size effect
can be much of importance in choosing appropriate nanoparticles. By using the similar methods
established for SWCNTs, we discovered a unique size “cut-off” region laying between 5 to 10
nm that marks the transition of viscoelasticity. When the nanoparticle size reduces down to that
is comparable to PS chain, i.e., less than 5 nm, we observed solid-like interface. A uniform
repulsive interaction network formed at liquid interfaces is possibly responsible for this extra
enhancement. For the nanoparticle sizes larger than 10 nm, it becomes fluid-like. In the 5~10 nm
transition region, the interfacial layer is fluid-like in nature, but with “plateau modulus” or
“power-law” behavior at intermediate timescale. Those interesting discoveries provide guidance
to the size selection of nanoparticle for the purpose of stabilizing oil/water interfaces.
6.2 Future Work
In general, our findings point out the possibility of making SWCNT/polymer composite
membranes by interfacial assembly. While this thesis does answer some nontrivial, fundamental
questions, it still leaves many open questions and future experiments that need to be conducted.
The results in this work are just a starting point for making membranes.
One crucial step following the assembly would be the incorporation of appropriate
polymer to impart mechanical strength. This, for example, can be achieved either by interfacial
polymerization or by crosslinking. As in the case of interfacial polymerization, the active
components, for instance, trimesoyl chloride and m-phenylenediamine can be dispersed in oil
phase and aqueous respectively after SWCNT segregation. The continuing polymerization take
places at liquid/liquid interfaces that incorporates the residing SWCNTs. The versatility of this
technique allows easy manipulation of mechanical properties to meet the demands in various
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environments. The other possible way to achieve solidification is by crosslinking. In chapter 4,
we presented one manner to tackle this issue by replacing low Mn PS-NH2 with high Mn,
multifunctional PS-b-P2VP. However, to make more robust film by chemical crosslinking, we
should introduce the chemically crosslinkable groups, such as vinyl groups that can undergo
polymerization under thermal initiation. By making SWCNTs assembly into solid films, the film
transferring would be much easier to be performed.
Besides, the orientation of SWCNTs in the layer is expected to affect the overall
performance of membrane. To maximize efficiency, the way that SWCNTs stand normal to the
interface should be beneficial. Unfortunately, the control of orientation remains a challenge
needed to be explored. One route to achieve this is to introduce the magnetic- or electric-field
responsive nanoparticles to the surface of SWCNTs. Nonetheless, many issues need to be
considered here to ensure the success. One, for instance, lies in the preservation of surface
functionalities for the cooperative assembly, which means that the introduction of nanoparticles
should not alter the dispersibility, the carboxylation characteristic of SWCNTs. The nanoparticle
size, the decoration density and the field strength that applied should be preciously tuned to
achieve optimal desired morphology.
Moreover, to study the morphology of composite layer at liquid/liquid interfaces in situ
proves to be another future direction that is worthwhile to pursue from scientific interest and
application perspective. Indeed, the morphology observed either by drying droplets or film
transfer does not reflects the true case since the evaporation can somehow alter the original
morphology. This study is valuable for both SWCNT and Au nanoparticle assembly layer. In
SWCNT assembly, the orientation after magnetic field alignment needs to be quantitatively
characterized. While in Au nanoparticles case, we proposed that it is the formation of crystal-like
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structure by repulsive interaction that gives rise to the solid-like behavior. This can be easily
verified by studying the ordering of Au nanoparticles assembly in situ. Among all
characterization techniques, X-ray or neutron scattering turns out be a good candidate where the
structure information can be revealed. Recently, this technique has been modified to apply to the
assembly at liquid/liquid interfaces. This is be relatively easy to be achieved in Au nanoparticles
case since high electron density provides sufficient contrast for X-ray scattering. For SWCNTs,
this proves to be much more difficult than expected. As mentioned above, we can enhance the
contrast by decorating tubes with metal nanoparticles, but again, the chemistry needs to be
carefully designed to maintain its dispersibility and surface properties.
Overall, we believe that the work presented in this dissertation is far-reaching and
beneficial to many applications such as membrane fabrication, interfacial stabilization. Despite
many remaining issues still needed to be explored, our work answered several key questions with
respect to the assembly and mechanical properties. The basic understandings we obtained lay the
groundwork and provide useful insights to numerous technological applications established on
the novel platform of liquid/liquid interfaces.
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